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Chapter 1
Introduction

The research presented in this thesis aims to modulate the incident
light into a scattering media to both control and study the light trans-
port inside it inspired by questions from industry. In particular, we
study a new phenomenon called mutual scattering, an interference
process that modulates the extinction of light. Mutual scattering is
always present when multiple light waves are incident into a finite
scattering sample, but it was discovered only recently. Mutual scatter-
ing has potential applications in optical characterization, transparency
modulation, and beyond. We commonly refer to mutual scattering as
“wavefront shaping 2.0”, as it is the next step in wavefront modula-
tion. This thesis presents the first experimental observation of mutual
scattering. In addition, we also use the wavefront shaping technique to
study how the macroscopic shape of a sample affects light scattering in-
side it, since the device shape represents a new frontier in mesoscopic
physics, inspired by industry. Furthermore, we propose an optical
wireless communication based on speckle patterns to increase secrecy,
and we test it using speckle correlation and unsupervised classification
algorithms. In this introductory chapter, we present a motivation for
the overall work of this thesis, a short theoretical framework, and an
introduction to the novel concept of mutual scattering.
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Introduction

1.1 Why light scattering?
Light is an undoubtedly essential phenomenon from many points of view; it is

a fundamental property of the universe, it is a crucial element for the existence
of life and it is highly relevant in our current society for its perception and use1.
Light has always captivated the curiosity of humanity and it has been the subject
of extensive study throughout history, where many different approaches have been
employed and new applications were discovered.

The applications of light can be observed on a daily basis (see Fig. 1.1). Start-
ing with its role in illumination, ubiquitous worldwide, the advent of artificial
illumination has had a revolutionary impact on humanity. Even prior to the
invention of the light bulb, fire served as the primary means of artificial illumina-
tion. Throughout ancient times, firelight was not only used to see in dark spaces
but also served purposes such as signaling and providing protection.

Nowadays, light serves as a tool for imaging our surrounding world at vastly
different scales in the fields of microscopy and astronomy. Since the invention
of the microscope by the Dutch physicist Antoni van Leeuwenhoek in the 17th
century [1], the field of microscopy has relied heavily on the use of microscopes
to visualize small objects, playing a significant role in our days in medicine and
nanofabrication. On large scales, telescopes utilize light to capture images of
large objects in the vast expanse of space [2]. Light also plays a crucial role in
telecommunication, with optical fibers serving as the primary medium for long-
distance digital data transport [3]. Expanding beyond the optical wavelength and
considering the electromagnetic spectrum as a whole, we witness a more compre-
hensive range of applications that significantly influence our everyday lives [4].
Remarkably, such a small country like the Netherlands has amazingly large and
influential high-tech industries (e.g., ASML, Signify, Demcon, and Lumileds) that
use advanced optics. The application questions have stimulated the research pro-
gram “Free form scattering optics (FFSO)” that raised challenges and questions
addressed in this thesis.

The study of light follows the same reasoning as other fields in physics. When
studying any physical phenomenon, it is quite attractive to isolate this phe-
nomenon and study it individually. The reductionist hypothesis — which states
that all phenomena can be reduced and described by the same set of fundamental
laws — is broadly accepted in physics. The reductionist approach is used, for
example, in particle physics, where we try to understand the whole universe from
its fundamental properties. This approach is often applied to the study of light
as well. Nevertheless, we must always remember that each level of complexity
brings entirely new properties. It is not recommended to describe highly complex
systems using only “fundamental” laws. In turn, new, emerging laws appear. As
P.W. Anderson writes, “We can see how the whole becomes not only more than
but very different from the sum of its part” [5]. The study of light is no ex-
ception to this. The emerging physics of light interacting and traveling through
complex media, composed of many microscopic inhomogeneities, is described by

1The ability to perceive light is almost taken for granted in our daily lives, which consequently
makes it increasingly challenging for those who lack it.
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1.1. Why light scattering?

Figure 1.1: Photograph showing examples of light interacting with our surroundings.
The top left picture shows the light scattered by clouds in the sky. The top right shows
an optical microscope picture of a leaf. The bottom left shows the focusing effect of
a lens. Finally, the bottom right shows an LED, in which we identify the phosphor
as the yellowish blob on top of the chip, which scatters the emitted light for an even
illumination.
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Introduction

emerging physical laws, which are much closer to our macroscopic view of the
world, and thus closer to many impactful applications.

An important phenomenon that emerges while studying light — and particu-
larly crucial for the content of this thesis — is interference. When two waves of
any kind combine, they interfere, forming a combined wave with either a smaller
or larger amplitude. The amplitude of the resulting wave depends on the relative
phase between the two initial waves. If the two waves are in phase (the crests
and troughs of both waves match in space and time), they interfere construc-
tively, generating a wave with a larger amplitude. Conversely, if the waves are
out of phase (the crests of one wave are aligned with the troughs of the other),
they interfere destructively, generating a wave with a smaller amplitude, or even
causing the amplitude to become zero, thus annihilating both waves.

A famous experiment that involves light interference is Young’s double-slit
experiment. This experiment simply consists of directing a light wave onto a
screen with only two closely spaced slits, and a final measurement plane further
away (see Fig. 1.2). Since light behaves as a wave, two spherical waves are gen-
erated from the slits that act as two secondary sources. When we observe the
measurement plane, we see fringes of intensity, i.e., bright and dark lines. The
bright lines are formed when the two spherical waves constructively interfere,
while the dark lines are formed when the two spherical waves destructively in-
terfere. In this experiment, the two waves are either in phase or out of phase,
depending on the distance between the slits and the measurement plane. We can
draw a parallel between the double-slit experiment and our mutual scattering
experiments in Fig. 1.2, with the addition that between the sources and the mea-
surement plane, we place a finite object and measure the interferences formed by
the waves transmitted through the object. However, we do not measure just any
type of object; our focus lies on complex media.

Complex media are composed of many microscopic homogeneities, called scat-
terers. When light travels through complex media, it gets scattered; by interact-
ing with the scatterers, the light takes many different paths, which create interfer-
ences. When the light is reflected from or transmitted through the medium and
imaged on a screen, the interferences generate a random intensity pattern called
the speckle pattern, and the initial information of the wavefront gets scrambled.
Light scattering is observed on a daily basis, and it is the reason why we see
vaguely or not at all through a foggy window.

Historically, light scattering has been considered noise or aberration, and it is
therefore typically minimized [6, 7]. However, in recent times, light scattering
has gained significance as an effective means to investigate and manipulate light
within complex media [8, 9]. Although the information is scrambled, it is cer-
tainly not destroyed, and by studying the random interferences that result in the
speckle pattern, we understand how light interacts with the media. When we
understand light scattering we access more — and different — information that
is not accessible in a scatter-less system.

In this thesis, we study light scattering using modulation techniques. The
principal result of this thesis is the measurement, understanding, and use of the
mutual scattering effect. Mutual scattering is a recently-discovered effect

14



1.2. General concepts
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Figure 1.2: Schematic of Young’s double-slit and mutual scattering experiments. In
the double-slit experiment (left), a wave is incident into a plane with two slits and we
measure the interferences at the detector plane. In the mutual scattering experiments
(right), two incident waves cross in a complex object and we measure the interferences
formed by the waves in transmission. The diagram for the double-slit experiment was
retrieved from wikipedia.org on July 2023, credits to Francesco Franco, CC BY-SA 3.0
https://creativecommons.org/licenses/by-sa/3.0, via Wikimedia Commons.

that is present in any finite-size material when illuminated by more than one
light wave. Mutual scattering is an interference phenomenon that modulates the
transparency of the object, and the amplitude of the modulation is not minor: it
goes from making the material fully transparent to twice as opaque.

1.2 General concepts
1.2.1 Relevant length scales

Light scattering has been studied for many years in the group of Complex
Photonic Systems (COPS) [10]. In the present section, we give a short theoret-
ical framework for the topics covered by this thesis and we refer the readers to
previous COPS Ph.D. theses where these concepts are described in depth, and
where this section is based on [11–18].

When light passes through an object, the interaction between light and the ob-
ject depends on the optical properties of the object. The object can be absorbing
and thus transform the electromagnetic energy of the light into other types of
energy or can be scattered and thus refract, reflect, or disperse the incident light.
When the light is transmitted through the object, any diminishment of the en-
ergy of the light with respect to the initial energy is called extinction2. Light
extinction can be due to absorption, scattering, or both.

A complex material is composed of inhomogeneities — or scatterers — which
interact with light in various ways. Single scattering is the phenomenon when
one scattering event occurs with one scatterer3, whereas multiple scattering is

2We do not consider non-linearities in this description and this thesis in general.
3All possible multiple interactions with one scatterer are described by the complete t-matrix,
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Introduction

when the light interacts multiple times, suffering many changes in its direction
inside the material [20–24]. We define the scattering mean free path ℓsc as the
average distance between scattering events within a complex material. Thus, for
multiple scattering to occur, the material must have a thickness L larger than
the scattering mean free path L > ℓsc. The material can also absorb light. To
describe absorption, we define the absorption mean free path ℓabs as the average
distance light travels to have a decay to 1/e. As mentioned, light extinction is a
combination of scattering and absorption. Hence, we define the extinction mean
free path ℓext as a combination of the scattering and absorption mean free path,
namely,

ℓext ≡
(

1
ℓscat

+ 1
ℓabs

)−1
. (1.1)

After many scattering events, the incident light gets scrambled inside the ma-
terial. In particular, the information on the incident direction is lost. We define
the transport mean free path ℓtr as the average distance when this happens. If
the object has a thickness larger than the transport mean free path L > ℓtr, then
the object is opaque.

The only macroscopic characteristic we have discussed so far is the thickness
of the object. This has an implicit assumption about the shape of the object
because historically the shape considered is almost always a slab: a perfectly
flat and infinitely wide object with finite thickness. The thickness of an object
loses relevance when the object is free-form or finite, which is the common case
for industrial applications. A surface is considered to be free-form when it has
no axis of rotational invariance [25]. Over the last decade, free-form optics have
been used in the development of versatile, miniature, and efficient devices that
appear in daily life [26, 27].

1.2.2 Transmission matrix in light scattering

The interferences present in light scattering combine linearly in the fields. As
such, it is possible to describe it with linear equations. In particular, it is pos-
sible to describe the transmission of light through any scattering object with a
transmission matrix T , which relates the incoming and outgoing electromagnetic
fields [28–30],

E⃗out = T E⃗in, (1.2)

were E⃗in and E⃗out are the incoming and outgoing electromagnetic fields, respec-
tively. We assume that the complexity of the object is so large that it can be
described with random matrix theory (RMT) [31–33]. To get more information
about the sample, we decompose T using singular value decomposition (SVD) [14,
15], as

T = UΣV , (1.3)

see [19, 20]
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1.2. General concepts

were U and V are random unitary matrices and Σ a diagonal matrix. From
Eq. 1.3, we relate the elements of Σ to the eigenmodes of the sample, i.e., the
transmission channels. U and V are interpreted as mapping matrices. U rep-
resents the mapping between the incident modes (in our case, free-space plane
waves) and the transmission channels, while V represents the mapping between
the transmission channels and the outgoing modes (typically again modes in
free-space). The concepts of transmission channels, incident mode, and outgoing
mode are abstract, and depending on the physical system, they refer to waveg-
uide modes, plane waves, or spatial position. However, because of the RMT
description, the statistical properties of the mapping matrices U and V are in-
variant to any unitary transformation. Changing the definition of the channel
(e.g., from waveguide mode to position on the sample surface) means applying
a unitary transformation to the mapping matrices U and V . Because U and V
are invariant to such transformation, their ensembled properties are independent
of the physical definition of a channel [14].

The open and closed channels are a fascinating discovery of the transmission
matrix approach. One would expect that if a scattering object is composed of
many transmission channels, light transmission is evenly spread across the differ-
ent transmission channels, but this is not the case. Instead, most transmission
channels have a near 0 transmission, while just a few channels have nearly full
transmission [34–37]. We call the first type of channel the closed channels and
the second type the open channels. Even more, as most of the transmitted light
is through a few transmission channels, there is a reduction of the degrees of
freedom of the system, which gives rise to correlations between the different
transmission channels [20, 38]. One of the consequences of these correlations is
the memory effect. When light is transmitted or reflected in a scattering media,
it generates a speckle pattern. If the properties of the incident light are changed
within a certain range, called memory range, the speckle pattern is still nearly
the same. The memory effect has been studied by changing the angle of the
incident beam, its position on the sample, and its wavelength [39–42].

1.2.3 Wavefront shaping

Because light scattering is a linear process, it is also deterministic: if a scatter-
ing sample is static (i.e., its transmission matrix is invariant of time), then it is
in principle possible to predict the resulting pattern for any incident wavefront.
This holds for any scattering sample, even highly opaque ones such as a piece of
paper or a layer of paint. If it is theoretically possible to predict the resulting
wavefront, is it possible then to control it?

The wavefront shaping (WFS) technique invented by Vellekoop and Mosk at
COPS is based on precisely this concept: to optimize the transmission of light
through a scattering sample to generate a target wavefront [43, 44] (See Fig. 1.3).
For that, we modulate the incident wavefront by spatially dividing it into seg-
ments. These segments are considered to be our incident modes. Thus, if we
set a target transmitted wavefront, we can adjust the incident modes by changing
their amplitude and phase such that the transmitted wavefront is similar to the
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Figure 1.3: Cartoon illustrating the working principle of wavefront shaping. (a) At
the left, A plane wave is incident into a scattering sample. The light couples to many
transmission channels, interfering with each other, resulting in a random speckle pattern
in transmission. (b) At the right, a shaped wave is incident into the sample. The shape
of the wave matches the transmission channels resulting in the target wavefront, where
all the transmitted light is concentrated in a focusing spot. Reprinted with permission
from [43] ©The Optical Society.

target one after being multiplied by the transmission matrix.
One of the early experiments with WFS was to turn any scattering sample

into a lens. In this case, the target transmitted wavefront has a delta function
where we concentrate all the intensity into one spot, i.e., we focus the light.
To obtain the highest transmission, WFS aims to couple all the light into the
open channels of the sample [45]. An essential concept for this application is the
enhancement of intensity η, representing the increase in intensity at the target
spot after optimization, and defined as

η ≡ Iopt

⟨I0⟩
, (1.4)

where Iopt is the intensity at the target position after wavefront optimization
and ⟨I0⟩ is the ensemble average intensity at the target position before optimiza-
tion [46]. The intensity enhancement has a theoretical limit strictly related to the
number of degrees of freedom of the system. For a case of phase-only wavefront
modulation — which is the case we are concerned with — this limit is given by

η0 = π

4 (Ns − 1) + 1, (1.5)

where Ns is the total number of segments in the modulated wavefront. This
limit suggests that if we keep increasing the number of segments, it is possible
to reach infinite enhancement. In reality, this is not the case. The maximum
enhancement is limited by the number of transmission channels of the sample,
and the trend of intensity enhancement saturates once the number of segments
reaches the number of channels of the sample.

To implement the wavefront shaping technique, we need a closed loop, since
wavefront shaping is in simple terms a “question-and-answer” game. That is, we

18



1.3. The impact of light scattering in industry

need to adjust the input to the system with the information from the output of
the system. In this case, the input is the phase of each segment, and the output
is the intensity at the target spot or the transmitted wavefront for the general
case. Because it is a linear system, the optimization process does not affect the
final result as long as the sample is stationary. The simplest optimization method
is called the sequential method, where we vary the phase of each segment from 0
to 2π and select the phase that maximizes the intensity. Then, we move to the
next segment and repeat the same procedure for each segment. An attractive
application of WFS is in biological imaging, a field in which the samples are
far from static. For those applications, improvement in the optimization speed is
highly desired. Therefore, various new optimization methods have been proposed,
such as genetic algorithms [47, 48] or machine learning-based algorithms [49, 50].

1.3 The impact of light scattering in industry
The applications of light in our daily lives are not only designed and consid-

ered in fundamental research. Plenty of new insights and designs that directly
affect applications come from the industry. Industrial applications range from
illumination to microscopy, from telecommunications to nanofabrication.

In many industrial applications, light scattering is unavoidable. In some appli-
cations, such as metrology, light scattering is minimized, while other applications,
such as illumination, consider light scattering as part of the design. Understand-
ing the fundamental physics that rules the system at hand is crucial to optimizing
light scattering correctly. However, many applications pertain to what we refer
to as the industrial regime of light scattering [18]. In the industrial regime, the
thickness of the designed sample L is on the order of the transport mean free path
L ≈ ℓtr. This regime is an intermediate between the thin and the thick limits. In
the thin limit, the thickness is much smaller than the transport mean free path
L ≪ ℓtr. If the thickness is much larger than the wavelength L ≫ λ, geometrical
optics accurately describes the behavior of light through the sample. If, instead,
the thickness has a comparable magnitude to the wavelength, then the light is
weakly scattered and light transport is well described by the first-order Born
approximation [51, 52].

Conversely, in the thick limit, the thickness is much larger than the transport
mean free path L ≫ ℓtr and smaller than the absorption mean free path L ≪
ℓabs. In this limit, the sample is opaque and typically appears white (like foal,
paint, or biological tissue). If the interference is negligible, the transport is
well described by radiative transfer [53]. When interferences are relevant, one
takes recourse to the advanced methods from mesoscopic physics such as random
matrix theory [20].

Because the industrial regime is in between the two described limits, neither
of the approaches is enough to fully describe the light scattering in the sample.
The lack of fundamental descriptions in current industrial applications has led
to designs based on educated guesses, which limits progress and applications.

The limitations of current approaches in the industrial regime are even more
prominent when the sample is free form, i.e., the shape of the sample is not a
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Introduction

simple geometrical shape such as a sphere, cylinder, or slab, or its surfaces are
not perfectly flat [54]. It is currently not feasible to describe light scattering in
applications such as coatings, diffusers, or suspensions with free-form optics. The
presence of microscopically structured materials in macroscopic free forms implies
a vast difference in scale to which conventional geometrical optical models cannot
be applied [26, 55]. Hence, current industry solutions invoke shortcuts, including
untested assumptions. Today’s lack of knowledge on free-shape scattering optics
hampers fast, efficient, and systematic design progress as well as the development
of new optical architectures [56].

When the light source is temporally coherent, the light transport inside a
scattering sample is ruled by interference [19, 57]. Because of light interference,
the phase information is crucial in the industrial regime, and approaches such as
geometrical optics or diffusion disregard this information. A clear example of the
impact of light interference is the speckle pattern, a random pattern generated
by the interference of multiple scattered light waves with different phases and
directions. A speckle pattern is visible to the naked eye as the grainy pattern
when shining a laser beam on a wall. In industrial environments particularly for
illumination distribution, speckle is usually considered a nuisance, since speckle
spots correspond to light beams that emanate in random directions from the
medium. Hence speckle spoils a homogeneous illumination intensity desired for
specific applications. Speckle is also considered a nuisance when it precludes
standard imaging methods, thus making it hard or impossible to view metrology
markers hidden on a wafer.

A speckle that is well known in the industry is surface speckle. This speckle is
commonly seen with glass diffusers, and it is described as adding a random phase
mask to the wavefront. Nevertheless, this is not the type of speckle commonly
studied in light scattering experiments, as a surface scattering sample has no
mean free path. In turn, the most common speckle is volume speckle. This is
the speckle formed by paint, paper, foam, or biological tissue, and it is described
using random matrix theory (RMT) [31–33]. Volume speckle differs from surface
speckle because it has intricate correlations, famously known as C0, C1, C2, and
C3 correlations [20, 58, 59].

Light modulation has proven to be an effective way to control both surface and
volume speckle, and light scattering in general. Techniques such as wavefront
shaping are based on optimizing the interference of scattered waves to engineer a
desired speckle pattern. One can also exploit known speckle properties to devise
algorithms that correct for speckle, or that put speckle to favorable use. Fur-
thermore, speckle reveals complex properties of the scattering sample, such as
the distribution of scatterers inside the sample, the scatterers structure’s dimen-
sion, the roughness of the surface, or even the dynamics of the scatterers inside
the sample [60]. Beyond speckle, an attractive application of light modulation is
on diffused light to have a directional illumination with a diffused light source.
Modulating light is, as we described, a promising approach to controlling and
studying light in the industrial regime.
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1.4 Mutual scattering
1.4.1 Brief history of mutual scattering

The wavefront shaping (WFS) technique — described earlier in this chapter —
was presented to the scientific community in 2007 by Vellekoop and Mosk [43] at
the Complex Photonic Systems (COPS) chair. Ever since, WFS has been used
worldwide as a well-known technique for studying light transport through scat-
tering media [61, 62], for high-resolution imaging [63–65], and for data scrambling
and retrieving [66, 67]. In particular, WFS is a popular technique used at COPS,
with many results related to this technique, both in theory and experiment.

The current theory for WFS relies on approximating the scattering media by
waveguides, to invoke random matrix theory as a description [28, 68]. This tech-
nique has yielded exciting results and predictions but is far from complete. In
the late 2010s, Lagendijk et al. attempted to describe WFS from exact calcu-
lations. For this, they described the focusing incident beam into the sample as
multiple incident plane waves with a range of incident angles, and they described
the sample as a set of single scatterers. Lagendijk et al. used the optical theo-
rem to check the energy balance of the calculation. The original optical theorem
states that in a system without absorption (elastic scattering), the power Sext
subtracted from the incident wave due to the sample — i.e., the light extinction
— has to be equal to the power Sscat of all scattered waves integrated over solid
angle Ω, namely

Sext = Sscat, (1.6)

4πω Imf(ω
c
k̂in,

ω

c
k̂in) = ω2

c

∫
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dk̂out|f(ω
c
k̂out,

ω

c
k̂in)|2, (1.7)

where ω/c is the magnitude of the wavevector, and f( ω
c k̂out,

ω
c k̂in) the scatter-

ing amplitude. The scattering amplitude denotes the scattering strength from
incoming direction k̂in to outgoing direction k̂out.

Surprisingly, when applying the optical theorem for each incident wave, La-
gendijk et al. found that the original optical theorem yields a violation of the
energy conservation. Puzzled by this result, they investigated further and re-
alized that the original optical theorem does not hold for multiple incident waves,
as these waves will interfere with each other, modulating the light extinction of
the system. What makes this effect interesting for applications is that, by mod-
ulating the total light extinction of the system, it is possible to make the sample
more opaque (increase extinction) or more transparent (reduce extinction, see
Fig. 1.4), and it is present for both scattering and absorbing materials. La-
gendijk et al. published in 2020 these findings with an extended optical theorem
and called this extinction modulation the mutual extinction and transparency
effect [69]. The name of the effect was later changed to mutual scattering.

In 2021, Rates et al. made the first experimental observation of the mutual
scattering effect on a silicon bar and a human hair using two incident waves [70].
This is described in Chapter 3. Ever since, mutual scattering has been of great

21



Introduction

Figure 1.4: Cartoon illustrating the principle of light extinction modulation. (a) If
one incident wave (white arrow) is present in the sample, it generates a shadow. This
shadow is related to the light extinction in the system. (b) Mutual scattering modulates
the extinction by using multiple incident waves (multiple white arrows). We effectively
control the object’s shadow when increasing or decreasing the extinction.

interest to COPS. Truong et al. showed in 2022 how mutual scattering is capable
of sensing the position of a single scatterer inside an object filled with identical
scatterers [71], and Rates studied how mutual scattering may be used to char-
acterize any object (Chapter 4) and compared how optimizing light extinction
using mutual scattering differs from optimizing intensity using wavefront shaping
(Chapter 5).

It is believed that mutual scattering has a wide range of applications, both to
control and study light scattering and absorption in complex media. Further-
more, mutual scattering is regarded as the evolutionary progression of wavefront
shaping and we therefore colloquially refer to it as “WFS 2.0”. As we show in
this thesis, by measuring light extinction we get more information than just mea-
suring intensity, and light extinction optimization also offers more control than
intensity-only modulation.

1.4.2 Light extinction of a single wave

When an incident light wave ψin with direction k̂in passes through a scattering
object4, the wave ψ is partitioned into two waves, an unperturbed part (the
incident part ψin) and a perturbed part (the scattered part ψscat)[19],

ψ = ψin + ψscat. (1.8)

The incident part has the same properties (i.e., a plane wave) as if the wave never
encountered the scattering object. In contrast, the scattered part is a spherical
wave, and its amplitude depends on the scattering properties of the object ruled
by the scattering amplitude f( ω

c k̂out,
ω
c k̂in). In the far field, we express both

4We will limit ourselves to scalar and plane waves for didactic simplicity. For full vector EM
waves, see, e.g. Refs. [72, 73].
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waves as

ψin = A exp
(
ik̂in · r − iωt+ iϕ

)
, (1.9)
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c
r − iωt+ iϕ

)
, (1.10)

where r = |r| is the distance from the scattering object, t is time, and A and ϕ
are the amplitude and phase of the incident wave, respectively.

The scattering amplitude f is a function intrinsic to the scattering object.
Similar to a transmission matrix, the scattering amplitude gives the relation
between an incoming wave at any incoming angle and a scattered wave at any
outgoing angle. This function encapsulates both the scattering and absorption
properties of the object.

When we place a detector in the far field, we measure the current J of the
waves, expressed as

J = Re [(∂tψ)∗∇ψ] , (1.11)

where the asterisk ∗ denotes a complex conjugate. To simplify the notation of
the following derivation, we define the operators ⋆ and ⋆⋆ as

x ⋆ y ≡ Re [(∂tx)∗∇y] , (1.12)
x ⋆ ⋆y ≡ x ⋆ y + y ⋆ x. (1.13)

We interpret the operation x ⋆ y as the interference of the waves at the detector.
As we have two waves, ψin and ψscat, the current J is expressed as

J = ψin ⋆ ψin + ψscat ⋆ ψscat + ψin ⋆ ⋆ψscat, (1.14)

where the first term is the detected current due to the incident wave, the sec-
ond term is the current due to the scattering wave, and the third term is an
interference between the incident wave and the scattered wave.

The third term of Eq. 1.14 is called the extinction term. Light extinction is any
diminishment of the incident light, either because of absorption or scattering. In
the absence of gain, this third component naturally has the opposite sign of the
other two components, balancing energy conservation.

1.4.3 Light extinction of two waves

If we have multiple N incident light waves, the system gets more complicated.
In the case of N = 2 incident waves illustrated in Fig. 1.5, each wave is partitioned
into two waves, leading to a total of 4 waves,

ψ = ψin,1 + ψin,2 + ψscat,1 + ψscat,2. (1.15)

Now when measuring the current J , we have a total of 10 terms,

J = ψin,1 ⋆ ψin,1 + ψscat,1 ⋆ ψscat,1 + ψin,1 ⋆ ⋆ψscat,1 (1.16)
+ ψin,2 ⋆ ψin,2 + ψscat,2 ⋆ ψscat,2 + ψin,2 ⋆ ⋆ψscat,2

+ ψin,1 ⋆ ⋆ψin,2 + ψscat,1 ⋆ ⋆ψscat,2

+ ψin,1 ⋆ ⋆ψscat,2 + ψin,2 ⋆ ⋆ψscat,1
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Beam 2
Beam 1

Incident wave
Scattered wave

Figure 1.5: Schematic of two-wave mutual scattering: N = 2 beams with wavevectors
k̂in,1 and k̂in,2 and mutual angle γ are incident onto a scattering sample. The scattered
waves are shown as curved wobbly wavefronts to emphasize that they are present at
all outgoing directions (with wavevectors k̂scat,1 and k̂scat,2). When k̂scat,1 = k̂in,2 and
k̂scat,2 = k̂in,1, the scattered wave interfere with the incoming coherent beam. ∆ϕ refers
to the phase difference between two incoming waves. The arrow colors distinguish the
scattered waves and do not represent different wavelengths. This figure is also shown
in Chapter 4.

In Eq. 1.16, we recognize the same terms as in Eq. 1.14 for both incident waves.
Besides the first six known individual terms concerning each wave, there are
also cross terms. The 7th term shows the interference between the two incident
waves, the 8th term shows the interference between the two scattered waves,
and the 9th and 10th terms show a cross-interference between the incident part
of one wave and the scattered part of the other. These last cross-interferences
have the same description as the light extinction of a single wave. Furthermore,
the cross-extinction term adds to the original extinction either constructively or
destructively, effectively modulating the light extinction. This is the essence of
mutual scattering; modulation of the light extinction in a multi-beam system.

Specifically, the current component of the mutual scattering is equal to

JMS = − 2ω
r2 A1A2Im
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f(ω
c
k̂in,2,

ω

c
k̂in,1)ei(ϕ2−ϕ1)

)
δ
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− 2ω
r2 A1A2Im

(
f(ω
c
k̂in,1,

ω

c
k̂in,2)ei(ϕ1−ϕ2)

)
δ

{
1 − cos

(
r, k̂in,2

)}
, (1.17)

where A1, A2 and ϕ1, ϕ2 are the amplitudes and phases of waves ψ1 and ψ2,
respectively. Since δ{} is the Dirac delta function, it is apparent that the ex-
tinction component is only present in the direction of the incident waves. From
Eq. 1.17, we see that by adjusting the phase ϕ1, ϕ2 of the incident waves and
their relative angle — expressed as the difference between k̂in,1 and k̂in,2 — we
are able to control the light extinction.

24



1.4. Mutual scattering

1.4.4 Mutual scattering as wavefront shaping 2.0

This section is focused on an experiment with two incident beams, which is
similar to a WFS experiment using only 2 segments (we extend this to N beams
in Chapter 5). With this, we are already able to draw some comparisons between
mutual scattering and WFS. We illustrate the basic comparison between mutual
scattering and WFS in Fig. 1.6.

In WFS, the sample is usually assumed to be an opaque slab on a waveg-
uide. This means that when measuring in transmission, the incoming wave is
not present and it is not possible to measure light extinction as described here.
Looking at Eq. 1.16, while mutual scattering focuses on the 9th and 10th terms,
WFS focuses on the 2nd, 5th, and 7th terms, which only include the scattered
waves. These are not extracted from the measurements, but they are assumed to
be the only ones in the system. When WFS is applied to a finite or non-opaque
sample, the incoming wave is present, and not only the scattered terms are opti-
mized but all terms are considered together5. Specifically, the current component
of the scattered waves is equal to

JScat =2ω2

r2c
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1|f(ω
c

r, ω
c
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)
, (1.18)

were c is the speed of light and r is the direction of the measurement. The
third term of Eq. 1.18 is similar to Eq. 1.16. Nevertheless, the values of the
scattering amplitude in both directions are coupled and the extraction is not as
straightforward. If we increase the number of segments to N , all the N values
of the scattering amplitude in all the directions will be intertwined in the same
term. The scattered power spreads to all the outgoing angles, and compared to
JMS, JScat has an extra ω/c component, which makes its signal to have a much
smaller amplitude in a particular direction.

WFS relies on having scattered light. But in a fully absorbing sample, no light
is scattered, and thus nothing is measured and WFS is not applicable, while mu-
tual scattering is still valid. Considering all this, we observe that measuring light
extinction is more versatile, gives more information, and is more sensitive than
measuring light intensity. It is for these reasons that we see mutual scattering as
the natural progression of WFS, and we thus refer to it as WFS 2.0.

1.4.5 Measurement procedure

As shown in the previous section, the mutual scattering current (Eq. 1.17)
is only a part of the total current measured by a simple detector. In order to
extract the mutual scattering component from measurements of the current J ,
we need to devise a measurement procedure with ancillary measurements, which

5We show in Chapter 5 how using WFS with a fine sample optimized mainly the incoming
waves rather than the scattered waves.
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Figure 1.6: Illustration showcasing the difference between wavefront shaping and mu-
tual scattering. (a) In wavefront shaping, the light is focused on the opaque object,
which is much larger than the focus point. Thus, in transmission only the scattered
waves are present. (b) In mutual scattering, the incident beams cross in the opaque
object with a beam waist larger than the size of the object. Thus, both the scattered
waves and the incident waves are present in transmission.

we describe in the present section. To relate the measurement procedure with
equation Eq. 1.16, we re-write it on Eq. 1.19 with highlighting boxes6:

J =ψin,1 ⋆ ψin,1 + ψscat,1 ⋆ ψscat,1 +ψin,1 ⋆ ⋆ψscat,1 (1.19)
+ψin,2 ⋆ ψin,2 + ψscat,2 ⋆ ψscat,2 +ψin,2 ⋆ ⋆ψscat,2

+ψin,1 ⋆ ⋆ψin,2 + ψscat,1 ⋆ ⋆ψscat,2

+ψin,1 ⋆ ⋆ψscat,2 + ψin,2 ⋆ ⋆ψscat,1

As detailed before, components 1, 2, and 3 are also present when only wave
ψ1 is incident in the sample, while components 4, 5, and 6 are also present when
only wave ψ2 is incident in the sample. Thus, by measuring those two cases
(only ψ1 incident in the sample and then only ψ2 incident in the sample), we can
subtract the first six components. This is highlighted with the green (1st line)
and red (2nd line) boxes, respectively. To isolate the 7th component of Eq. 1.19,
we note that if we move the sample, there are no scattered waves, and thus only
components 1, 4, and 7 are present. This is highlighted with the gray vertical
box. If we also subtract this measurement (both waves present but no sample),
we subtract the 1st and 4th components twice. To add them back, we notice that
only the incident part is present by measuring a single wave without the sample.
Thus, we add those two measurements (only wave ψ1 without sample and then

6I apologize for color-blind readers as the color classification may not be clear. Still, the text
is aimed to be informative enough to follow.
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only wave ψ2 without sample). This is highlighted with the cyan box for ψ1 and
the orange box for ψ2. By denoting each measurement as a current J , we can
express the experimental procedure to record the mutual scattering current JMS
as:

JMS = J − J1 − J2 − (JNS − J1,NS − J2,NS) (1.20)

were each subscript describes the experiment; J is the current when both incident
beams are present, and the sample is placed in the experiment, JNS is the current
when both incident beams are present, and no sample is placed in the experiment,
Ji is the current when only ψin,i is present, and the sample is placed in the
experiment, and Ji,NS is the current when only ψin,i is present, and no sample
is placed in the experiment. It should be noted that although we express the
measurements as current J here, a detector measures the integral of the current
over the detector area, called the flux F .

With the proposed procedure, we almost completely isolate the mutual scat-
tering current JMS. Nevertheless, there is one component, the cross-interference
between the two scattered waves, that is not possible to separate. This is because
the scattered wave is only present when the incident wave is also present, and as
we measure in the direction of the incident wave, the scattered wave cannot be
isolated. Still, as the scattered wave is a spherical wave and the incident wave is
a plane wave, we reasonably expect the scattered wave to have a much smaller
amplitude (of the order of 10−2 or less) than the incident wave in the far field at
the detector position. Furthermore, an interference between two scattered waves,
both with small amplitude, yields an even much smaller amplitude when com-
pared to an interference between an incident wave and a scattered wave. Thus,
for our case, we assume this cross-interference between scattered waves to have
a negligible impact on our measurements. It remains to be tested whether this
assumption holds for our experiments.

In the theoretical framework we just described, our measurement procedure
may be simplified even further by noticing that, as the incident waves are plane
waves, they are proportional to a delta function in their incident direction, as
shown in Eq. 1.17. Thus, if we measure in the direction of only one of the incident
waves, the second incident wave does not affect the current. Still, we must be
careful about this assumption while doing experiments because our incident waves
are not plane waves but Gaussian collimated beams with a finite divergence.
Thus, the two incident waves may still overlap at the detector area, especially
for small angles.

1.5 Outline of the thesis
In this thesis, we study and apply light modulation to different scenarios. This

thesis can be separated into three projects. The first and foremost project is
related to the mutual scattering effect, a newly discovered effect of which the
first experimental measurement is presented in this thesis. Chapters 3, 4, and
5 are related to this topic. The second project concerns wavefront shaping, a
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modulation technique based on optimizing light intensity. This project is pre-
sented in Chapter 6. Finally, the third project concerns speckle correlations and
how they can be used for encryption applications. In particular, we extend pre-
vious encryption methods using a scattering layer to a system where we used two
scattering layers to increase secrecy. Chapter 7 is related to this topic.

In Chapter 2, we present details of the experimental techniques used in this
thesis that in other forms of publications, such as research papers, are omitted for
brevity. The extensive description is explicitly meant for other experimentalists
to duplicate and reproduce our experiments. In particular, we focus on ongoing
experiments and protocols to measure the mutual scattering effect.

In Chapter 3, we present the first observations of mutual scattering. We use
two incident light beams to control the transparency and the opacity of a single
human hair and a silicon bar.

In Chapter 4, we extend the observations of mutual scattering to measure the
phase information. We use this new information to characterize different samples,
and we believe this applies to an extensive range of materials. In particular, we
measure mutual scattering on a single human hair, a polystyrene sphere, zinc
oxide, and pultruded carbon.

Chapter 5 presents the first results of using mutual scattering to optimize light
extinction in a specific direction. To this end, we extend the mutual scattering
experiments from 2 to as many as N = 64 incident light beams. We compare
mutual scattering with wavefront shaping, where mutual scattering optimizes
light extinction and wavefront shaping optimizes intensity.

In Chapter 6, we apply the wavefront shaping technique to a flexible freeform
sample made of titanium oxide particles suspended in silicone. We use the wave-
front shaping technique to enhance the intensity in a focal point at the back of
the sample, and we compare the performance of wavefront shaping for different
freeforms, changing the curvature of the sample and the illumination radii.

In Chapter 7, we study the speckle correlation in a system with multiple scat-
tering layers. We send a binary message through two scattering layers and mea-
sure the speckle pattern generated between the two layers. We study whether
there is a relation between the message sent and the intermediate speckle. As a
result, we propose a communication link using our scheme for encryption based
on our findings.

Finally, Chapter 8 summarizes the results of this thesis and provides an outlook
to improve current experiments and possible future experiments related to them.
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Chapter 2
Methods

We present a detailed account of the experimental procedure and tech-
niques employed for measuring mutual scattering. We describe aspects
often overlooked in abridged descriptions of experimental setups typ-
ical of scientific papers. We commence by outlining the modulation
devices and techniques utilized, after which we discuss the correction
of aberrations arising from these devices. Subsequently, we elaborate
on the data collection and analysis procedure. Finally, we address the
limitations of the current experimental setup and propose potential
improvements.
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2.1 Setting a digital micromirror device

2.1.1 Motivation for experimental design

To detect mutual scattering, we need to measure the light extinction. Mutual
scattering is present when multiple beams illuminate a finite sample, and its
magnitude depends on the relative angle and phase between the incoming beams.
In our experiment, we start by measuring light extinction when N = 2 beams
are incident in the sample before increasing the number of beams.

In the first experiments on mutual scattering (see Chapter 3), we used mechan-
ical stages to translate and rotate a mirror to control the angle of the incident
beam, and a liquid crystal phase retarder to control the phase (see Fig. 3.2).
However, the mechanical devices lack the precision and stability we need to pre-
dict and measure the phase information of the mutual scattering effect. For that
reason, we upgraded the setup, but the road towards the new setup was not
without obstacles, as described in de Mots’ report [74]. Initially, we tested using
a rotating arm to keep the distance between the source and the sample constant,
placing an optical fiber on the rotating arm. Unfortunately, due to the move-
ment of the rotating arm, the phase of the beam coming from the fiber fluctuates
significantly when changing the angle. Finally, the setup was upgraded to use an
active wavefront modulator. The incident wave Ψ is considered to propagate
in the lateral z−direction, hence the wavefront Ψ(x, y) is taken to depend on
the transversal (x, y) coordinate as

Ψ(x, y) = A(x, y) exp−i(ωt+ϕ(x,y)), (2.1)

with ω the reduced frequency of the beam, t time, and (x, y) the transversal
coordinates.

The active device controls the amplitude A(x, y) and phase ϕ(x, y) of the
incident wavefront Ψ(x, y). Fig. 2.1 shows an example of the modulated phase
ϕ(x, y). To control the angle and phase of N = 2 incident waves using a single
active device, we place a focusing lens in front of the device and we only activate
two sub-areas A1 and A2. In our realization, these areas are centroids at (x1, y2)
and (x2, y2), with radii r1 and r2. To change the angle, the position of A1 is
fixed and we change the position of A2. This change in position is converted into
a change of angle because of the focusing lens (see Fig. 2.1).

The requirements presented above need to be addressed when choosing the
modulation device. Because we need to activate the sub-areas of the active de-
vice, we need both amplitude and phase modulation. Besides, the modulation
of the phase needs to be reliable and precise, and because of the number of
measurements needed, high speed is desired. In the following sections, we exam-
ine the modulator device, aberration corrections, the measurement and analysis
procedure, and possible improvements.
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Figure 2.1: Spatial phase patterns ϕ(x, y) on the spatial modulation device to realize
different incident light beams. The red circle highlights the central area, which is
always activated. The different circles at different y correspond to different incident
beams ranging from γ = −2.6◦ to γ = +2.6◦. All pixels outside the circles have phase
and amplitude 0. The color bar gives a circular scale (the color at 1 is the same as the
color at −1) to account for the periodicity of the phase. This figure is also shown in
Chapter 4.
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Figure 2.2: Macroscope picture of a) a DMD and b) an SLM, along with microscope
pictures of the pixels of c) the DMD and d) the SLM.

2.1.2 Modulation devices

In wavefront shaping — and wavefront modulation in general — an active
device is required to modulate amplitude A(x, y) and phase ϕ(x, y) (see Eq. 2.1).
Spatial light modulators (SLMs) and digital micromirror devices (DMDs) are two
commonly used modulation devices with advantages and disadvantages. Table 2.1
compares some relevant characteristics of state-of-the-art SLMs and DMDs.

An SLM is a liquid crystal-based device, also called liquid crystal on silicon
(LCOS) (Fig 2.2). An SLM has a grid of micro mirrors on top of a silicon
complementary metal oxide semiconductor (CMOS) back layer, covered with a
liquid crystal layer (e.g., twisted nematics). The incident light travels through the
liquid crystal layer before and after reflecting in the micromirrors. By inducing
a voltage with the CMOS back layer, we control the local refractive index of the
liquid crystal layer, and thus we induce a phase change in the reflected light [75].
Because the change in refractive index is from a rotation and re-arranging of the
liquid crystal molecules, the phase modulation is relatively slow, with a response
time of a few milliseconds [76, 77].

A DMD is a mechanical device that consists of a grid of micro-mirrors where
each mirror functions as a pixel [78] (Fig 2.2). These mirrors are fabricated on
top of mechanical actuators that can change the mirror’s orientation or tilt, af-
fecting the light’s angle of reflection. The mirrors have three states: ON, OFF,
and IDLE. In practice, the IDLE state is not used, and the DMD is consid-
ered a binary modulation device, with a response time in the range of tens of
microseconds.
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For the experiments described in this thesis, we aim to control both the am-
plitude A(x, y) and phase ϕ(x, y) of the wavefront. For this purpose, we choose
a DMD for our modulation. The characteristics of the DMD promise a fast and
stable phase control with the possibility of amplitude modulation. However, as
previously mentioned, the DMD is a binary modulation device. Therefore, we
need to use a holographic technique to convert this binary amplitude modulation
to a phase and amplitude modulation.

SLM DMD
Brand HOLOEYE VIALUX
Model PLUTO 2.1-VIS-130 VX4100
Screen area 1920 × 1080 1920 × 1080
Pixel width 8.0µm 10.8µm
Bit depth 8 bit 1 bit
Refresh rate 180 Hz 10.75 kHz
Response time ≈ 3 ms ≈ 13 µs
Wavelength range 500-670 nm 400-700 nm
Controller Through HDMI cable Included FPGA
Estimated price 18 000 ¤ 11 900 ¤

Table 2.1: Relevant characteristics of state-of-the-art SLM and DMD devices. This
information was accessed in the first half of 2023.

2.1.3 Holographic techniques

There are two popular holographic techniques to convert from binary amplitude
modulation to phase modulation: the Lee holography technique [79, 80], and the
superpixel method [81]. The Lee holography technique was developed in the 1970s
by Lee as a computer-generated hologram [82] and adapted by Campbell, et al.
as a phase modulation method [83]. However, it was not until 2012 that Conkey,
et al. applied this technique to wavefront modulation [80]. This technique is
based on using a spatial amplitude pattern in the DMD with a carrier spatial
frequency ν0 and a spatial phase ϕ(x, y)

f(x, y) = 1
2 [1 + cos (2π(x− y)ν0 − ϕ(x, y))] , (2.2)

with (x, y) the 2D coordinates of the spatial signal. In the Fourier plane, this
pattern generates three distinct orders of diffraction, which we call the -1, 0,
and +1 diffraction order. The hologram is off-axis diagonally with the carrier
frequency selected to minimize crosstalk among diffraction orders by providing
a large enough separation between them. It has been demonstrated [80] that by
filtering only the +1 diffraction order, the resulting field has the phase ϕ(x, y),
i.e., we transform the spatial phase into a field phase. This field is the one
expressed in Eq. 2.1.

Soon after the Lee holography was adapted in the wavefront shaping com-
munity, Goorden, et al. developed the Superpixel method [81]. This holography
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technique uses a spatial filter in the Fourier plane and a spatial pattern to convert
binary modulation into phase modulation. However, instead of using a spatial
amplitude pattern with a carrier frequency, the DMD itself is tilted such that
there is a phase gradient along the surface of the DMD. As the name suggests,
this method uses superpixels. The idea is to take a collection of n × n pixels
as a superpixel. Because the filter in the Fourier plane blurs the pattern, the
superpixel has a resulting phase equal to the sum of the phases of each pixel
inside it. Thus, to control the phase of a superpixel, we can turn ON or OFF
certain pixels inside it such that the total sum is the phase we desire. This tech-
nique is substantially more power efficient and permits a better resolution of the
phase modulation. Nevertheless, the DMD’s alignment and the filter’s position
in the Fourier plane are highly specific and depend on the number of pixels per
superpixel and the wavelength used.

For our experiments, we decided to implement the Lee holography technique.
The main reason for this decision is that the position and tilt of the DMD in the
Superpixel method depend on the wavelength of the source. In the setup built
for mutual scattering experiments, one of the possible future projects involves
sweeping the wavelength of the source. Thus, we want to minimize changes in
the setup because of changes in wavelength.

We only need binary modulation of the amplitude to select the active areas
A1 and A2, so we do not need more amplitude modulation than the readily
available binary modulation of a DMD. Nevertheless, the DMD permits better
amplitude modulation. For this, we need only to follow the same principle as
in the superpixel method and take a collection of pixels m × m. Depending on
how many pixels are ON or OFF, we modulate the resulting amplitude of the
superpixel.

2.1.4 Aberrations

A DMD is a mechanical device, which makes it reliable. Besides, commercially
available DMDs include user-friendly software and libraries. For many applica-
tions, the binary modulation is sufficient, and no further correction is needed.
For instance, commercially available screen projectors (or beamers) are widely
used daily. Unfortunately, this is not the case in our experiments.

In the experiments presented in Chapter 4, we use two active sub-areas of the
DMD to generate two incoming light beams, and a focusing lens to cross the
beams at a certain angle, placing the sample at the focal point, i.e., the crossing
point. Any aberration or misalignment on the incoming wavefront nullifies the
option of a perfect focus, and thus we cannot approximate the incoming beams
as plane waves. This was the case for the first months of the experiments. The
aberrations were so strong that, when changing the angle between the two beams,
they did not cross at the sample.

After many modifications and improvements to the experiment, we realized
that the source of the aberrations was the DMD itself. Fortunately, this issue is
well documented by Popoff [84]. The aberrations are believed to be imperfections
of the individual mirrors, particularly the flatness of the surface. The effect of
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Figure 2.3: The first 21 Zernike polynomials were calculated using the Orthopy Python
library [89], ordered vertically by radial degree and horizontally by azimuthal degree.
Figure retrieved from wikipedia.org on May 2023, credits to user Nschloe, CC BY-SA
4.0 https://creativecommons.org/licenses/by-sa/4.0, via Wikimedia Commons.

every single mirror adds up, resulting in a non-negligible effect.
The solution presented in Ref. [84] is to use a particular phase pattern on the

DMD to counteract the aberrations. Wavefront aberrations have been widely
studied in the past [85], and the most common aberrations are described using
Zernike polynomials [86, 87].

Zernike introduced Zernike polynomials in the 1930s [88] as a basis to describe
any wavefront. Similar to Fourier analysis, we can decompose a wavefront in
Zernike polynomials given a large enough number of components. In Fig. 2.3,
we show a simulation of the first Zernike polynomials. What sets the Zernike
polynomials apart from other representations is that each coefficient is related
to a type of aberration, such as spherical aberrations, coma, astigmatism, and
more. The specificity of the coefficients eases the interpretation of aberrations
measurements.

In the original solution to correct the aberrations of the DMD presented by
Popoff, the coefficients of the Zernike polynomials are optimized iteratively so
that the intensity at the focal point is maximized. Although this yields good
results, we realized that the point spread function (PSF) at the focus is not opti-
mal, even though the intensity is maximized at the center. For our experiments,
we decided to simulate the PSF beforehand and maximize the image correlation
between the simulated PSF and the one obtained in our experiments instead of
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Figure 2.4: Example of a PSF optimization using Zernike polynomials. a) the opti-
mized phase mask of a circular active area, b) PSF before optimization, and c) PSF
after optimization. The CCD pictures are highly saturated to showcase the circular
fringes around the focus. It should be noted that these pictures were not used in the
optimization itself. The resolution between active areas may differ.

maximizing the intensity at a certain point. This method provides us with the
correction we seek, as shown in the example in Fig. 2.4.

2.2 Data analysis for mutual scattering measure-
ments

2.2.1 Flux measurements

In Chapter 1.4, we provide an explanation of the theoretical background and
the experimental procedure for measuring the mutual scattering effect. Although
we explain how to obtain the extinction modulation from flux F measurements
using ancillary measurements, some practical details still need to be included for
conducting real experiments. In particular, a recurrent obstacle is that, when
measuring angle dependency, the position of the detector needs to change.

To overcome this obstacle in our first experiments, which we present in Chap-
ter 3, we changed the angle of only one of the two incoming beams and measured
the mutual scattering of the static beam. We use a charged couple device (CCD)
camera as a detector, placing it far (> 1m) from the crossing point where the
sample is positioned. This arrangement ensured that the second beam would not
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hit the detector area even for small angles, and we only measured the stationary
beam. Furthermore, we set the width of the beam such that it almost fully covers
the whole detector area. With this, we obtained the flux F as the sum of counts
over all the camera pixels. Since we normalized F , converting from CCD counts
to real units was not necessary.

One of the additions in the new experimental setup described in Chapter 4 is
the ability to simultaneously measure the mutual scattering for both directions.
In this case, we also use a CCD camera for the measurements, but the beam area
is much smaller than the detector area, so both beams are measured simultane-
ously. The distance between the detector and the sample is such that even for the
largest angle measured, both beams are still fully detected. However, a signifi-
cant drawback of this arrangement is that making the beam smaller also reduces
the signal-to-noise ratio (SNR). We currently use low-power laser sources of the
order of tens of milliwatts, and increasing the power of the source is a viable
solution to increase the SNR without risking damaging the sample.

Although we do not need to physically move the detector, the beam position
within the detector area changes. Since both beams are present simultaneously,
summing up all pixels in the camera is not an option, and we need to detect the
region of interest (ROI) of each beam. For the simplest scenario where we place
no sample in the crossing point, the position and width of the ROI for each angle
are fixed, so we could calibrate the setup once and use the same calibration for
all measurements. However, in our experiments, we use samples embedded in
PDMS. Due to the change in refractive index n, the position of the ROI is not
the same with or without the medium. Furthermore, changes in the thickness of
the PDMS layer also change the position of the ROI. For this reason, we decided
to estimate the ROI for each measurement in the analysis a posteriori.

In our experiments, we measure phase dependency and angle dependency. We
measure multiple steps (N = 30) of the relative phase between the two beams
for each angle, going from 0 to 2π. To have statistical information, we repeat
this for several iterations (M = 3). The position of the ROI is only dependent
on the angle and not the phase of the incoming beam, so we consider the same
ROI for all the measurements that have the same angle. To estimate the ROI of
each beam for a certain angle, we employ the following procedure: (1) first, we
add all the M ×N pictures taken for this angle (Fig. 2.5b). We do this because
the sample and the medium induce a diffraction pattern that depends on the
phase, so adding up all the pictures reduces this effect. (2) Then, we apply a
Fourier filter to get rid of the high-frequency (spatial) signals (Fig. 2.5c). This
filter reduces the effect of the diffraction patterns and allows us to approximate
the ROI to a Gaussian distribution. (3) We continue by taking the position of
the pixel with the highest intensity, and we take a sub-area with a width 1.5×
the desired width of the ROI, which is set by the user. Ideally, the pixel with
the highest intensity should be at the center of the beam, and thus no further
analysis should be needed. However, because of the diffraction pattern, this is
not always the case, so we use a Gaussian fit to estimate the real center. (4)
With this sub-area, we take two vectors by collapsing the 2D image in either the
x or the y-axis. Then, we fit both vectors with a Gaussian profile, and we get the
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Figure 2.5: Steps to get ROI. a) Example picture of a single beam passing through the
sample. b) Total sum of all pictures with the same angle. c) Total sum after passing
through an FFT filter. d) Gaussian fit to the collapsing of the previous image into the
x-axis.

position in x and y of the center of the ROI from this fit (Fig. 2.5d). Although
imperfect, this method proved to be good and reliable for our data.

2.2.2 Phase information

The mutual scattering effect is the component of the total extinction that we
modulate by cross-interference between the incoming wave of one beam and the
scattered wave of another. This effect depends on the phase and angle between
the beams. While the phase dependency always follows a cosine behavior, the
angle dependency follows a trend set by the scattering amplitude f of the sample.
Therefore, for experiments on scattering characterization, the phase dependency
data is only relevant as a means to an end, and we care about three parame-
ters: the maximum value, the minimum value, and the phase that reaches the
maximum value.

Since we know the behavior of the phase dependency, we can fit it with a cosine
curve and extract the three relevant parameters (maximum, minimum, phase at
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Figure 2.6: Example of the two methods to extract the amplitude and phase of the
data. We simulate a noisy measurement with the green symbols based on a cosine
curve with Gaussian noise. The original simulated cosine is shown in black. The curves
extracted with the two described methods are shown in solid blue (FFT method) and
dashed red (cosine fit method). The two curves are almost overlapping.

maximum) from the fit. Another solution is to take the Fourier transform and
extract the component at the expected frequency of the cosine curve. The results
of both methods are very similar, and there is no statistical difference in the final
result (see Fig. 2.6). Nevertheless, fitting is a process that is very susceptible
to the initial guess, and for signals with low SNR, the fit might fail. Hence, we
decided to take the Fourier approach.

We consider the error r of our estimation as the average difference between the
Fourier component and the data given by

r =

∑
n

|x− x̄|

n
, (2.3)

where n is the number of points, x is the fit data, and x̄ is the experimental data.
We treat the error of the phase estimation differently because, although they

are related, an uncertainty of the amplitude does not have the same magnitude
as an uncertainty of the phase. To obtain the error of our phase estimation, we
use an iterative process, which we illustrate in Fig. 2.7. We add phase offsets
to the experimental data and calculate the amplitude error for every new phase
offset. The offset where the amplitude error is twice the original amplitude error
is chosen as the error range of our phase estimation. For example, if the original
amplitude error is 10%, we start adding phase offsets until we reach an amplitude
error of 20%. The amount of phase offsets we added is what we consider as the
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Figure 2.7: We use the same simulated data as in Fig. 2.6 to illustrate how we estimate
the error of the extracted phase. The raw data is shown in the top panel as gray
symbols, and the extracted cosine is shown in blue. To estimate the error of the phase,
we add phase offsets ∆ϕ iteratively, illustrated with the orange and red curves. For
each iteration, we calculate the error (Eq. 2.3) shown in the bottom panel, normalized
w.r.t. the initial error. The colored dots (blue, orange, and red) are related to the solid
curves of the top panel. We estimate the error of the extracted phase as the phase offset
that doubles the initial error. We illustrate this with the horizontal dashed black line
in the bottom panel. We see that the yellow dot is the first one to surpass the limit.
Thus, for this case, we select ∆ϕ = 0.2π as our error.

phase uncertainty. If we reach an offset equal to 2π and the amplitude error is
still not doubled, we consider the phase to be undefined, i.e., the data does not
have a cosine-like shape, and we are not able to estimate the phase of the data.

2.3 Limitations and possible improvements of
mutual scattering experiments

2.3.1 Design choices

The mutual scattering effect has three key assumptions: the detector is in far
field, the incoming wave is still present at the detector, and the incoming wave is
a plane wave. The third assumption is due to the current extent of the theory, but
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Figure 2.8: Diagram of the experimental setup, as shown in Chapter 4. The two
incoming beams are generated using active areas in the digital micromirror device,
which also sets the phase difference between the beams ∆ϕ. Lenses L3 and L5 and
the iris are used for the holographic filter needed for the Lee holography technique,
which allows us to control the phase of the wavefront. The two beams are focused into
the sample by lens L5 forming an angle γ, and then collected by camera CCD1. A
beamsplitter is placed in front of the sample such that the reflection focuses on camera
CCD2.

it is believed that cross interference is still present for more complex wavefronts
(e.g., Gaussian beams). Because we only have a few assumptions, it is reasonable
to assume that mutual scattering can be used in a wide variety of experiments,
either in very small or very big objects or even in other areas of physics, such as
acoustics.

Although the abstract concept of mutual scattering has only a few physical
limitations when designing a new experiment, we have to make decisions that
limit the applicability of the experiment. Here, we describe such decisions and
limitations.

The experimental setup built for the experiments shown in Chapter 4 — which
is the one currently in use — was designed to address the limitations encountered
in the experiment shown in Chapter 3. To be able to compare both experiments,
we aimed to measure samples with similar dimensions, with a default width of
a = 100µm. As we need the incoming beam to have a width larger than the
sample, we decided to have a beam waist of 2ω0 > 1.5a = 150µm. We decided
to use the same wavelength as the previous experiment λ = 632.8nm. The setup
is shown in Fig. 2.8 and described more in detail in Chapter 4.

We use the model shown in the appendix of Chapter 3 as a reference for the
angular behavior of the mutual scattering. In this model, the mutual scattering
follows a sinc-like behavior, and the first node is positioned at γ0 = λ/a ≈ 0.36◦.
From here, we make two decisions: first, we want to have at least three nodes,
which means that the maximum angle we can measure must be γmax > 3λ/a =
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1.09◦. Second, we want to have at least three data points between nodes, meaning
the angular definition must be ∆γ < λ/4a = 0.09◦.

The DMD used is a Vialux VX4100, which has 1920 × 1080 pixels and a pixel
size of 10.8µm. The focal length L of the focusing lens is related to the maximum
angle required and the height of the DMD, following

tan
(γmax

2

)
= Ddmd

2L , (2.4)

(2.5)

where Ddmd = 1920 × 10.8µm ≈ 20.7mm is the height of the DMD. We decided
to use a lens with a focal length of L = 150 mm. This gives us a maximum
angle of γmax ≈ 3.95◦. We move the active areas in the DMD pixel by pixel. We
approximate the angular resolution ∆γ using a similar formula as in Eq. 2.4, and
we get ∆γ ≈ 0.002◦, within the required limits.

The size of the active areas on the DMD depends on the beam waist required
at the focus. If the area on the DMD is small enough, we can approximate each
beam to a single ray and disregard the focusing effect of the lens within the same
beam. To verify this assumption we use the free software GaussianBeam [90] to
make a first estimation of the beam waist. We decided to use an active area of
72 pixels (∼ 0.78 mm), which results in a beam waist at the focus of ∼ 155µm.
Finally, we estimate a divergence in the beam of θ ≈ 0.119◦. We summarize the
parameters ranges in Tab. 2.2.

Parameter Value
Maximum angle γmax 3.95◦

Angle resolution ∆γ 0.002◦

Beam divergence θ 0.119◦

Beam diameter 2ω0 155µm

Table 2.2: Relevant experimental parameters related to the decisions taken during
design.

2.3.2 Phase calibration

Measurements that provide phase information are highly valuable because this
information allows us to draw conclusions about the complex properties (i.e.,
both real and imaginary parts) of the scattering waves generated by the sample.
However, this high reward comes with a high effort, as the main challenge is
comparing the phases of different angles.

In a perfect scenario, where we use a DMD for modulation, and a plano-
convex lens for focusing, a phase difference ∆ϕ between two active areas on
the DMD would be preserved at the focal point, and no calibration would be
necessary. However, as emphasized throughout this chapter, our experiments
could be better.

Phase measurements are very susceptible to misalignment, evident from the
almost 24, 000 : 1 ratio between the focal length of our lens and the wavelength.
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Figure 2.9: Example result of fringes fit. Left: the real fringes measured with CCD2.
Right: the simulated fringes after fitting using the structural similarity index.

Correctly estimating the phase is challenging because any change in path length
resulting from a change in angle adds a dephasing effect. For example, suppose we
set an angle γ1 with a phase difference ∆ϕγ1 . Now we change the angle gamma
to γ2 without adapting the phase difference (ϕγ2 = ∆ϕγ1 at the DMD). Any
aberration, misalignment, or change of medium induces an additional dephase,
such that ∆ϕγ2 ̸= ∆ϕγ1 at the sample position. Fortunately, the DMD is a very
reliable and reproducible element, and we can calibrate and compensate for errors
in the setup beforehand rather than struggling to achieve perfect alignment.

To calibrate our setup, we place a beamsplitter between the focusing lens and
the focus, and we placed a second CCD camera at the focal point of the second
arm. When measuring the intensity at the crossing point between two beams, we
see the interference fringes (Fig. 2.9). The periodicity of the interference fringes T
is related to the angle γ between the two beams. We can calculate this relation
either by using the double slit formulation (tan(γ) = λ/T ) or assuming plane
waves (sin(γ) = λ/T ). Both approximations hold for small angles. Similarly,
we can estimate phase changes by looking at the displacement of the fringes.
When comparing two pictures of fringes, the phase difference is calculated as
∆ϕ = 2π∆x/T , where ∆x is the difference in the position of the fringes.

The most successful approach to calibrate phase and angle by looking at the
fringes was to use the metric of structural similarity index [91, 92]. For every
picture of fringes, we simulated a fringes pattern with T and ∆ϕ as inputs. Then,
we fit our model to the picture to obtain T and ∆ϕ. Instead of maximizing
correlation or mean squared error, the fit maximized the structural similarity
index. See Fig. 2.9 for an example. This metric considers not only differences
in the pixel values but changes in the structure, i.e., the spatial pattern, of an
image.

Using this approach, we are able to calibrate the phase and angle between the
two incoming beams. Sadly, this calibration does not apply to our experiments.
Firstly, the CCD camera used for our experiment has a protective glass layer
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with a refractive index of ng = 1.5. This does not affect the angle calibration,
but it does affect the phase calibration; if one beam is perpendicular to the glass
surface and the other beam is angled, the difference in refractive index causes a
change in path length and thus a change of phase. Nevertheless, as the properties
of this layer are known, we can account for it in the phase estimation. But again,
the phase estimation is sensitive to misalignment, and any camera tilt should be
accounted for. Thus, we can add the effect of the protective glass layer as an
additional dephase, given by

∆ϕ = 2πng(l′ − l)
λnair

, (2.6)

(2.7)

with

(l′ − l) =
(

Dg

cos(α) − Dg

cos(α′)

)
, (2.8)

sin(α′) = nair

ng
sin(α), (2.9)

α = γ + αc, (2.10)
(2.11)

where nair is the refractive index of air, Dg = 0.5mm is the thickness of the glass
(camera model Stingray F-125), αc is the tilt of the camera, and γ is the angle
between the incoming beams.

Similarly, our samples are embedded in PDMS, which affects both angle and
phase estimation. This change depends both on the depth of the sample and the
tilt of the PDMS surface. With all things considered, the effect of the medium
can be estimated as

∆ϕ = 2π
λ

(
(l − d) − nm

nair
(l′ − d′)

)
, (2.12)

(2.13)

with

(l − d) =
(

D

cos(γ − α) − D

cos(α)

)
, (2.14)

(l′ − d′) =
(

D

cos(γ′ − α′) − D

cos(α′)

)
, (2.15)

sin(α′) = nair

nm
sin(α), (2.16)

sin(γ′ − α′) = nair

nm
sin(γ − α), (2.17)

(2.18)

where nair, nm are the refractive index of air and the medium, respectively, D
is the depth of the sample in the medium, αm is the tilt of the medium, and
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γ is the angle between the incoming beams. Unfortunately, the contributions
presented in this section are highly sensitive to unknown parameters, and using
estimates is no better than an educated guess. For this reason, the corrections
are not implemented in the results presented in Chapter 4. A possible solution
is to remove the protective layer of the second CCD camera and place a PDMS
layer with the same thickness as the depth of the sample. Even further, we may
submerge the whole optical setup in an index-matching liquid. However, this
solution is invasive and requires knowing the depth of all the samples precisely.

Before using the structural similarity index, we attempted to obtain the phase
and periodicity of the fringes using Fourier analysis. This seemed straightforward:
finding the peak at the Fourier transform and obtaining its complex value can
get both phase and periodicity. However, we realized a mathematical limitation
after many struggles. When obtaining the phase of an FFT component, the phase
is only meaningful if the frequency of the component is an integer divisor of the
array. If this is not fulfilled, the phase information is completely random. This
is a numerical limitation of the discrete nature of the FFT. In our case, the
frequency of the fringes is variable. We attempted to guess the frequency of
the fringes for every picture and adapt the length of the array (i.e., the size of
the picture) in an iterative way. This method did not converge, so we changed
to the analysis in real space. It is noteworthy that the Fourier method is the
one followed by measurements of the transmission matrix. [28, 29, 67, 93, 94]
Although the frequency of the fringes is known and easily controllable in those
measurements, as far as we know, this mathematical limitation has yet to be
explored.

45





Chapter 3
Observation of mutual
scattering of light

Interference of scattered waves is fundamental for light-scattering
techniques, including modern developments such as optical wavefront
shaping. Recently, a new type of wavefront shaping was introduced
where the extinction is manipulated instead of the scattered inten-
sity. The underlying idea is that upon changing the phases or the
amplitudes of incident beams, the total extinction will change due to
interference as described by the cross terms between different inci-
dent beams. Here, we experimentally demonstrate mutual scattering
in scattering media, in particular, a human hair and a silicon bar. To
this end, we send two light beams with a variable mutual angle on
the sample. Depending on the relative phase of the incident beams
we observe either nearly zero extinction — mutual transparency —
or almost twice the single-beam extinction — mutual extinction — in
agreement with theory. In the theory, we use an analytical approxima-
tion for the scattering amplitude starting from a completely opaque
object and discuss the limitations of our approximation. We discuss
the applications of mutual scattering in various fields such as non-line-
of-sight communications, microscopy, and biomedical imaging.

Parts of this chapter have been published in A. Rates, A. Lagendijk, O. Akdemir, A. P. Mosk,
W. L. Vos, Physical Review A 104, 043515 (2021) [70].
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3.1 Introduction
Random scattering of light inside complex materials such as clouds, paint, milk,

white LEDs, hair, or human tissue is what makes them appear opaque [9, 20, 53,
95, 96]. In these inhomogeneous materials, multiple scattering and interference
distort the incident wavefront so strongly that the spatial coherence is immensely
reduced [97]. The invention of optical wavefront shaping (WFS) [43], where N
multiple waves are incident on a complex sample with adjustable phases and
amplitudes, has revolutionized the study of scattering of light in nanophotonics
and led to exciting applications, such as transmission optimization [44, 67, 98–
100], light focusing [63, 64, 93, 101–104], light absorption and energy density
control [72, 105–107], and new biomedical imaging techniques [64, 108–110].

In the absence of absorption, the power extinguished from an incident beam
is equal to the total scattered power, a well-known conservation law called the
optical theorem [111]. The standard formulation of the optical theorem considers
only a single (N = 1) incident wave [112]. Naively using the single-beam optical
theorem in the case of scattering with N multiple incident waves, a situation
typical of WFS, leads to a violation of energy conservation. We have recently
derived a generalized optical theorem to describe the scattering and extinction
by multiple incident waves [69]. A crucial part in the derivation of the gener-
alized optical theorem was the exciting discovery that multiple incident waves
show cross-extinction, illustrated in Fig. 3.1. This phenomenon does not exist in
common single-beam forward scattering or self-extinction, since the phenomenon
is caused by interference between the scattered part of one incident beam and the
coherent part of another beam. This cross-interference is always present, whether
the samples are scattering or absorbing, and depending on the phases between
the beams the interference is constructive or destructive, making it relevant for
an ab initio description of WFS.

Mutual scattering allows us to control the total extinction by manipulating the
phase difference between two incident beams. Depending on the angle formed by
the two incident beams, when varying the phase the light extinction is varied by
as much as ±100% in the case of N = 2.

In this chapter, we present an experimental observation of the mutual scat-
tering of two beams crossing in a scattering medium that, to the best of our
knowledge, has never been observed before. We study the situation with N = 2
beams since it is the simplest form of N -beam interference, as is typical of wave-
front shaping. In our experiments, we study two different kinds of samples. The
first type of sample is a human hair, which is a biological sample with a natu-
rally near-cylindrical cross-section [113]. The second type of sample is a silicon
bar with a rectangular cross-section made from a crystalline-Si wafer as used in
CMOS fabrication, see, e.g., Ref. [114, 115].

We compare our experimental results with an analytical approximation based
on the mutual scattering theory, and we discuss when this approximation fails.
Finally, we discuss several applications of mutual scattering.
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Beam 2

Beam 1

Plane wave

Scattered wave

Figure 3.1: Schematic of two-wave mutual scattering: N = 2 beams with wavevectors
k̂in,1 and k̂in,2 and mutual angle γ are incident onto a scattering sample. The scattered
waves are shown as curved wavefronts to emphasize that they are present at all outgoing
directions (with wavevectors k̂scat,1 and k̂scat,2). Scattered waves interfere with coherent
beams leading to either mutual extinction or mutual transparency. The arrow colors
distinguish the scattered waves and do not represent different wavelengths. The detector
has an area A and is placed in the far field, hence it is clear that the dimensions are
not to scale.

3.2 Power flux and mutual scattering
In a light scattering experiment, a detector with area A that is placed in the

direction of the wavevector k̂det detects in far-field the power flux or Poynting
vector [54]. In the scalar-wave approximation, the flux equals the current density1

J integrated over A (see Fig. 3.1). When only one beam (beam 1) is incident in
the scattering medium with wave vector k̂in,1, the power flux F observed by the
detector is equal to [53]

F1,1 = F in
1 − F ext

1 + F scat
1 , (3.1)

where F ext
1 is the flux removed from the incident flux F in

1 due to interference
between the outgoing coherent wave and the scattered waves. Since scattered
light from beam 1 is present at all angles, a fraction of the scattered flux F scat

1
with wavevector k̂scat,1 = k̂det is also scattered into detection area A.

If a second beam (beam 2) is also incident, with a different wavevector k̂scat,2 ̸=
k̂det, i.e., not in the direction of the detector, the power flux at the detector
becomes

F1,2 = F1,1 + F scat
2 + F scat

1,2 + F cross
1,2 . (3.2)

1For a scalar wave ψ, the flux F is equal to F ≡
∫

A JdA ≡ −
∫

A Re [(∂tψ)∗∇ψ] dA
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Figure 3.2: Schematic of the experiment. The angle γ between the two beams is
controlled by moving and rotating mirror M2 and an LC phase retarder controls the
phase difference ∆ϕ between the two beams. The inset shows the position of the sample
related to the direction of beam 1. (M: mirror; PD: photodiode; BS: beamsplitter; LP:
linear polarizer; PR: phase retarder.)

Here, F scat
2 is the flux of the scattered fraction of beam 2 incident into the detec-

tor with wavevector k̂scat,2 = k̂det, similar to F scat
1 above. F scat

1,2 is the cross term
describing interference between the scattered waves from both incident beams.
F cross

1,2 describes interference between the coherent wave of the incident beam 1
and the scattered wave of the incident beam 2. This final term of Eq. 3.2 corre-
sponds to either mutual extinction or mutual transparency, depending on its sign.
In case of destructive interference, F cross

1,2 is negative and the total extinction is
increased, corresponding to mutual extinction. In the case of constructive inter-
ference, the total extinction is decreased, corresponding to mutual transparency.
This term is present for both scattering and absorbing samples.

We experimentally obtain F scat
2 if we collect data when only the incident beam

2 is present, and we obtain F in
1 if we collect data without the scattering medium.

Combining the data of the different situations, we get the desired interference
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Figure 3.3: Microscope picture of samples used. (a) picture of a human hair, from
which we extract a diameter dhair = 0.062±0.002 mm. (b) is separated in a picture from
the side (b.1) and from the top (b.2) of the silicon bar. From such microscopy pictures
we extract a thickness dSi = 0.103 ± 0.003 mm and a width wSi = 0.440 ± 0.002 mm.
Only one sample of each kind was used, thus one human hair and one silicon bar.

term F cross
1,2 from the following observables

F cross
1,2 = F1,2 − F1,1 − F scat

2 . (3.3)

Here, we assume F scat
1 ≪ F in

1 and thus also F scat
1 , F scat

1,2 ≈ 0, which is rea-
sonable because the measurement direction is equal to the incident direction
(k̂in,1 = k̂det), and since coherent beams are generally much brighter than scat-
tered beams [20]. Using this reasonable assumption, we extract the self-extinction
F ext

1 in a similar way

F ext
1 = F1,1 − F in

1 . (3.4)

We use F ext
1 for normalization, as we want to know how the total extinction

changes due to these interferences with respect to the case when only self-
extinction is considered. Thus, we obtain the normalized total extinction

FTE =
F cross

1,2

F ext
1

. (3.5)

It is this observable FTE that reveals the desired mutual extinction and mutual
transparency.
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Figure 3.4: Total extinction F TE versus phase difference ∆ϕ for an angle γ = 0.20o

between the two beams for the human hair. Dark red circles are experimental data
while the solid blue line is a fit to the exact mutual scattering model. The dotted line is
the case of no mutual scattering. The phase difference is extracted from the retardance
of the phase retarder.

3.3 Experimental methods
To detect mutual scattering, we built the experimental setup shown in Fig. 3.2.

A He-Ne laser (λ = 632.8 nm) is used as a source. The laser beam is split into two
incoming beams, beam 1 and beam 2, in a modified Mach-Zehnder configuration
with a slight and controllable skewness at the outgoing beamsplitter BS3. Before
reaching BS3, both beams pass through linear polarizers (LPVIS050 Thorlabs),
and beam 2 passes through a liquid crystal phase retarder (LCC1413-B Thorlabs),
which we use to control the phase difference ∆ϕ. By carefully moving and rotating
mirror M2, we control the angle γ between the two beams. At a fixed location
downstream of BS3, where the sample is located, the two beams cross at an angle
γ. We use a CCD camera to detect beam 1 by integrating over the illuminated
pixels, and a photodiode at the beginning of the optical circuit to correct for
laser fluctuations. Both the angle variation and the phase variations are made in
beam 2, whereas only beam 1 is detected with the CCD camera. At every angle
γ, the phase ∆ϕ was varied from 0 to 2π and back. For each phase, we took
three consecutive exposures with the CCD camera to average over environmental
noise.

We position the sample in the intersection plane of the two beams, as shown in
the inset of Fig. 3.2. All samples we study have a bar-like geometry, meaning that
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one dimension is much larger than the other two. We define the active area as the
overlapping area of the two beams in the illuminated face of the sample. Thus,
in the x-direction the dimension of the active area is given by the geometry of
the sample, and in the y-direction the dimension is given by the beam diameter.

We study two different samples: The first sample is a human hair, which has
a natural near-cylindrical shape with a diameter of dhair = 0.062 ± 0.002 mm
as observed with a microscope (see Fig. 3.3(a)). The scattering properties of
human hair are of special interest for the 3D animation industry to obtain a
realistic simulation of hair in animated characters [116]. Furthermore, single
human hair fibers are widely used to teach light diffraction in undergraduate and
secondary education, approximating it to the inverse of a single slit [117]. The
second sample is a thin silicon bar cleaved from a standard Complementary Metal
Oxide Semiconductor (CMOS) wafer, with a thickness dSi = 0.103 ± 0.003 mm
and a width wSi = 0.440±0.002 mm (see Fig. 3.3(b)). The scattering properties of
silicon are highly relevant for the semiconductor industry. In particular, detecting
the shape and position of silicon structures is a highly demanded metrology
measurement, mostly done by optics. To limit the complexity, we use samples
that are translational invariant along the y-axis. To accomplish this, the silicon
bar is illuminated from the side and not from the top.

3.4 Experimental results
First, let us consider the case where the angle γ is fixed. In Fig. 3.4, we show

the normalized total extinction of a human hair while changing the phase ϕ. The
angle between incoming beams is γ = 0.2o. We see that the extinction follows
a cosine-like trend, as expected from the prediction [69] (see Appendix 3.7.1).
We also see that at the maximum the extinction nearly doubles, while for the
minimum the extinction is close to zero, so that the object appears nearly fully
transparent. In theory, the total extinction is minimum for ∆ϕ = 0 and maximum
for ∆ϕ = π. We see that the experimental data are shifted in phase, which arises
from uncertainty in the true-zero phase (see Appendix 3.7.2). This effect is due
to changes in the optical path of beam 2 when moving and rotating mirror M2
(see Fig. 3.2). Still, we see that the periodicity of the observed cosine-like curve
agrees well with theory, and thus this phase offset does not affect the final results.

In Fig. 3.5, we plot the total extinction of the human hair versus angle γ. The
symbols correspond to the maximum and minimum extinctions obtained as a
function of the phase at each angle (see Fig. 3.4). The observed maximum and
minimum extinctions show an oscillatory behavior versus incident angle γ, typical
of interference between scattered and coherent beams. Our analytical model is
shown to be in good agreement with the experimental data. This model uses the
scattering amplitude of an impenetrable flat surface (see Appendix 3.7.1) as an
approximation to obtain the variations in the forward scattering due to mutual
scattering. Our model has no adjustable parameter since the width of the sample
amic is obtained by microscopy inspection. We see that the data follows a sinc
trend similar to the model, with a slight shift in angle discussed in the next
section.
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Figure 3.5: Total extinction versus angle γ between beams for a human hair. The
red circles (green squares) correspond to the maximum (minimum) extinction obtained
from phase variations (see Fig. 3.4). The dashed lines are our analytical model with no
adjustable parameter (see Appendix 3.7.1).

For the silicon bar, the total extinction against angle is shown in Fig. 3.6. The
data has a similar sinc shape as the human hair, but here the frequency of the
interference fringes is higher. Furthermore, the analytical approximation agrees
even better with the experimental data than for the hair sample.

3.5 Discussion

3.5.1 Observations and model

In both the phase and angle variation experiments, we obtain the trend pre-
dicted by the mutual scattering theory [69], namely a cosine-like trend in the
phase variation experiments and a sinc-like trend in the angle variation experi-
ments. We see that using our analytical model, we obtain a description of the
mutual scattering, which gives a faithful interpretation of the observations.

In Fig. 3.4, we see that the modulation of the total extinction is close to the
full range from 0 to 2. To discern how large this modulation is compared with
the total signal of the beam, we obtained that in the case of the human hair, the
extinguished light amounts to about 15.4% of the incoming light. With mutual
scattering, the extinguished light varies from approximately 2.5% to 24%. This
is close to the maximum modulation predicted by theory, which varies from 0%
to 30.8%.

In Fig. 3.5, we observe that the model predicts a slightly lower frequency

54



3.5. Discussion

Figure 3.6: Total extinction versus angle γ between beams for a silicon bar. The
red circles (green squares) correspond to the maximum (minimum) extinction obtained
from phase variations. The dashed lines are our analytical model with no adjustable
parameter.

of fringes than measured, meaning that the nodes of the model are located at
larger angles than the ones from the experimental data. The curve shapes are
in excellent overall agreement. The small deviations emerge from the fact that
the human hair has a cylindrical geometry. Thus, the sample thickness varies
with the lateral position within the incident beams. The thickness variation is
not addressed in the model, where we assumed a flat impenetrable surface. We
quantify this deviation using the width of the sample a as a single adjustable
parameter in our model (see Eq. 3.7), and compare the estimated value amod
with the width of the sample used originally as input for the model, which we
extracted from optical microscopy inspection amic. In Table 3.1 we see from
this comparison that the adjusted width does not match with the independent
observation.

Sample amod (mm) amic (mm)
Hair 0.072 ± 0.001 0.062 ± 0.002
Silicon 0.105 ± 0.001 0.103 ± 0.003

Table 3.1: Table of sample dimension extracted from the model (amod), and extracted
from optical microscopy inspection (amic). The error range of the model is due to the
dispersion of the experimental data, while the error range of the optical microscopy
inspection is due to microscope resolution and reproducibility.

In contrast, for the silicon sample, which has a box-like geometry, amod and
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Figure 3.7: Total extinction versus angle γ between beams for a silicon bar. Zoom
in for large angles from Fig. 3.6. The dashed lines are our analytical model with no
adjustable parameter.

amic are equal within the error bars. We see in Fig. 3.6 that for small γ the
analytical model describes the silicon data accurately. This can lead one to think
that this approximation describes the results completely, but this is not the case.
In Fig. 3.7, we zoom in on the silicon results to observe in detail the deviation
for angles between γ = 2 to 3o. We see that for γ > 2.0o the trend followed by
the experimental data has some discrepancies with the model: in the beginning,
the nodes start to shift, and finally, the shape of the sinc curve is completely
lost. Importantly, at all these angles the measured phase dependencies keep
following a cosine-like curve as in Fig. 3.4, and the signals are significantly larger
than the errors. We extend our analytical model by also taking into account
the beam divergence of the laser using a convolution over the Gaussian beam
profile. Nevertheless, we see that the averaging effect caused by divergence does
not explain this deviation.

The apparent random shape of the total extinction at larger angles is probably
an indication that we are entering the speckle regime where the variations in
the extinction do not depend only on the dimensions of the sample, but also
on the detailed spatial distribution of the scatterers inside the material or the
surface roughness. In the speckle regime, the depth of the sample also plays an
important role. For the case of the silicon bar, when changing the angle, the path
length inside the sample also changes, which modifies the scattering amplitude
in that direction. This is not accounted for in the model, where we assume a flat
impenetrable surface.

When the sample is fully opaque and its size is much larger than the wave-
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length, the angular dependence of the scattering amplitudes, and thus of the
mutual scattering, will follow the well-known Kirchhoff integral [85], which we
used to derive our model. In the situation where the sample is not fully opaque,
as in our experiments, the angular dependence of the scattering amplitudes will
become speckle-like, starting at the large angles of γ. From theory [69], we expect
the speckle regime to extend to very large angles, including for angles larger than
90o.

If the sample has a mean free path l much larger than its size (l ≫ L), the
angular speckle will set out in the immediate vicinity of the first zero-crossing,
which itself is determined by the geometry of the sample. The more transparent
the sample is, the more prominent the speckle will be. But when averaging over
many realizations, the result of the Kirchhoff integral is recovered.

3.5.2 Applications

Mutual scattering was discovered when explaining the apparent violation of
energy conservation when simulating WFS. For that reason, an important appli-
cation of mutual scattering is in WFS. It is well known that the information in
a scattering material is not lost but scrambled. WFS is a common way to ex-
tract this information, yet many open questions remain regarding how to extract
and use this information. We think that mutual scattering can contribute to
the discussion on open channels in complex media [106] and in the simultaneous
optimization of transmitted and reflected intensity, both currently studied with
WFS. Furthermore, we think that wavefront modulation can be used to design a
non-diffracting beam shape, such as Bessel beams [118, 119], which can be used
in mutual scattering in extended samples.

Mutual scattering can have applications in the field of ultraviolet communi-
cations for non-line-of-sight links [120], which is based on light scattering in the
atmosphere. The scattered light can be enhanced or reduced if the transmitter
uses two beams that cross in the active area. Furthermore, mutual transparency
can be used to reduce losses related to light attenuation in the atmosphere.
Deeper research is needed to translate the results presented in this chapter into
a more practical system.

Mutual scattering is a promising tool for inferring the shape and size of
an object, including free-form samples, by utilizing the observed interference
fringes [121]. Moreover, the speckle regime of mutual scattering exhibits high
sensitivity to the positions of individual particles within the material, making it
possible to sense the position of a nano-particle amidst a sea of similar nanopar-
ticles [71].

Diffusion Wave Spectroscopy (DWS) has become a popular technique for
studying time-dependent optical properties of complex materials and for bio-
imaging [122–124]. Unfortunately, DWS is not well suited for samples that ab-
sorb light rather than scatter. To study the motion of scattering particles, one
currently uses techniques such as Dynamic Light Scattering (DLS) [125], which is
also not suited for samples that absorb rather than scatter. In contrast, Mutual
scattering is suitable for samples that scatter or absorb (or both), as long as there
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is some detectable intensity left of the incoming beam. We envisage for those
samples that their dynamics can be probed by using a time-dependent mutual
scattering technique.

3.6 Conclusions
We have measured the total extinction of two beams crossing through a scat-

tering object, namely a human hair and a silicon bar. Upon varying the relative
angle and phase between the beams, we measured the variations in the total
extinction. When the angle is close to zero, we control the extinction in such a
way that the scattering object is almost twice as opaque or nearly fully transpar-
ent to the beams. Alternatively, if the angle is larger we enter into the speckle
regime where fluctuations of the mutual scattering depend on the precise shape
and distribution of the scatterers distribution in the sample.

Our results are well described with the recently presented mutual scattering
theory [69], turning this experiment into the confirmation of this effect. We
used an analytical approximation of the scattering amplitude applicable when
the sample is opaque. We have seen that this approximation is a good model for
box-like geometries and small angles, but at the same time, we see that mutual
scattering cannot faithfully be interpreted with such a simple approximation of
the scattering amplitude, for transparent samples.

The data from our experiments are available in the publicly available Zenodo
database [126].

3.7 Appendices
3.7.1 Model for angular dependence

In Ref. [69], we have calculated and described the scattering amplitudes of both
a collection of point dipoles and a flat and opaque object. Here, we compare our
experimental results with the latter, where the scattering amplitude is derived
as (see Eq. 8 of Ref. [69])

f = iab

λ
sinc(α) sinc(β) (3.6)

where λ is the wavelength in vacuum, α ≡ a
2 (cos θx,out − cos θx,in), β ≡

b
2 (cos θy,out − cos θy,in), θx,in and θy,in are the angles of the incident waves with
respect to the x and y-axes, θx,out and θy,out are the angles of the outgoing waves
with respect to the x and y-axes, and a and b are the dimensions of the sample
in the x and y-directions, respectively.

The scattering amplitude f is simplified if we consider both incident waves to
be in the xz-plane. Consequently, the power flux F is simplified to

Fmodel = sinc
(

2πa
λ

sinγ2

)
, (3.7)
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For the human hair, the dimension a is defined as the diameter of the hair
(a = dhair), and for the silicon bar it is defined as the thickness of the bar
(a = dSi).

When the sample is absorbing, as in the case of our experiments, the amplitude
of F is strongly affected by the absorption coefficient of the sample. This is
not accounted for in Eq. 3.7, where the amplitude is 1. Nevertheless, when
normalizing with the self-extinction, as it is done in Eq. 3.5, this effect is canceled
out.

To take the divergence Θ of the laser beam into account, we implemented a
convolution between Fmodel and the angular momentum profile of a Gaussian
beam U(θ) given by [127]

U(θ) = exp
(
−tan2(θ)/tan2(Θ)

)
. (3.8)

Fmodel includes both positive and negative values, meaning both mutual ex-
tinction and mutual transparency. To separate between both cases, we take
Fmax = 1 + |Fmodel| as the maximum curve and Fmin = 1 − |Fmodel| as the
minimum curve, which corresponds, respectively, to the dashed red curve and
the dashed green curve in Figures 3.5, 3.6, and 3.7.

3.7.2 Model for phase dependence

When the angle γ is fixed, mutual scattering fluctuates following a cosine
function if we change the relative phase ∆ϕ. If γ is outside the speckle regime, the
total extinction is minimum for ∆ϕ = 0 and maximum for ∆ϕ = π. Differently,
if γ is inside the speckle regime, deviations in the position of maximum total
extinction are a reflection of the complex part of the scattering amplitude f .

In our current experiment, the path length of beam 2 changes when we change
the angle, meaning is not possible to retrieve the true phase for the maximum
total extinction. Instead, to compare our experimental results with the model
we use

FTE
fit = 1 + c1 · cos(c2∆ϕ− c3π) + c4, (3.9)

where c1 = 0.8461, c2 = 1.0954, c3 = 0.7800, and c4 = 0.0464 are adjustable
parameters. We can extract from here ∆ϕoff = 0.78π as the phase offset in the
measurements.
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Chapter 4
How to extract the complex
scattering amplitude of any
material using mutual
scattering

We propose a novel experimental technique for optical characteriza-
tion that utilizes mutual scattering. This effect arises when multiple
beams intersect within a finite scattering sample, resulting in cross-
interference between the incoming and scattered waves. By measuring
mutual scattering, we determine the complex scattering amplitude f
of the sample, which provides information on its scattering properties
by linking incoming and outgoing waves from any arbitrary direction.
We present our findings on mutual scattering for four distinct sam-
ples: a polystyrene sphere, a single black human hair, a strip of pul-
truded carbon, and a block of ZnO2. Our measurements exhibit qual-
itative agreement with Mie scattering calculations for samples where
the model is applicable. Deviations from the model indicate the com-
plexity of the samples, both in terms of their geometrical structure
and scattering properties. Our results offer new insights into mutual
scattering and have significant implications for future applications of
optical characterization in fields such as metrology, microscopy, and
nanofabrication.
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4.1 Introduction
The interaction between light and matter has been studied since the early

days of optics, a field concerned with the properties of light and its behavior as
it interacts with different media. Scattering is a fundamental concept in optics,
describing the generation of scattered waves as light enters a complex medium
and interacts with its scatterers. The theory of scattering is a mature, unifying
branch of theoretical physics [9, 20, 128], and measuring scattered light of an
object is a vast source of information on its optical properties [97]. Thus, it is
not a surprise to see such measurements being used for characterization in a wide
range of applications, with techniques such as dynamic light scattering [124, 129],
optical coherent tomography [130–132], diffusion tomography [133], wavefront
shaping [43, 44, 63, 72], transmission matrix measurements [28, 29, 67, 94], and
many more.

In many studies of light scattering, the sample under study is extended, mean-
ing the area of the incident light beam is much smaller than the size of the
sample. This type of measurement induces a relevant yet commonly overlooked
limitation: all incoming light is scattered, and the incoming wave is not present
at the detector plane in transmission [53, 54, 73, 128]. However, when the sample
is finite, i.e., smaller than the area of the incident light beam, the incoming wave
is always present at the detector plane when measuring in transmission, and this
limitation is not present1.

An advantage of studying finite samples is the ability to measure light ex-
tinction. Light extinction is the combination of both scattering and absorption
and refers to the decrease of incoming light by passing through an object [112].
This process is fully described by interferences between the incoming wave still
present in transmission and the scattered waves in the forward direction. It is
common to use waveguides or extended slabs of opaque media in light scattering
experiments. But in those samples, the incoming wave is absent in the detector
plane, which means it is imposible to measure light extinction in such samples.

We recently discovered [69] that if multiple incoming beams cross in a finite
sample, there is a cross-interference between the incoming coherent wave of one
beam and the scattered wave of another. We call this cross interference mu-
tual scattering. Fig. 4.1 illustrates this process in the case with two incident
beams; the incoming purple wave interferes with the scattered orange waves in
the direction of the detector. Furthermore, we discovered that mutual scatter-
ing modulates the total extinction of the sample. The modulation of the total
extinction depends on the relative angle and phase between the incoming waves
and on the scattering amplitude f of the sample. Thus, by changing the angle
and phase of the incoming waves, we tune the extinction of the sample, making it
appear more transparent (less extinction) or more opaque (more extinction). We
demonstrated this modulation experimentally in a recent study [70], see Chap-
ter 3.

Alternatively, by measuring the modulation of the total extinction, we can

1This is also the case for non-opaque media, e.g., optical attenuators.
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Beam 2
Beam 1

Incident wave
Scattered wave

Figure 4.1: Schematic of two-wave mutual scattering: N = 2 beams with wavevectors
k̂in,1 and k̂in,2 and mutual angle γ are incident onto a scattering sample. The scattered
waves are shown as curved wobbly wavefronts to emphasize that they are present at
all outgoing directions (with wavevectors k̂scat,1 and k̂scat,2). When k̂scat,1 = k̂in,2 and
k̂scat,2 = k̂in,1, the scattered wave interfere with the incoming coherent beam. ∆ϕ refers
to the phase difference between two incoming waves. The arrow colors distinguish the
scattered waves and do not represent different wavelengths.

extract the scattering amplitude f . The scattering amplitude, similar to a trans-
mission matrix, encapsulates all the scattering properties of the sample [19, 73,
112, 134]. The parameter f dictates the relation of an incoming wave with the
resulting scattered wave at any given angle. To obtain the complex properties of
the scattering amplitude f and thus characterize the object, we need to extract
both amplitude and phase information from the mutual scattering measurements.
Since light extinction consists of both absorption and scattering components, mu-
tual scattering provides a significant benefit as it enables the characterization of
strongly absorbing samples.

In this chapter, we present an experimental method and protocol to measure
mutual scattering and thus extract the scattering amplitude of a finite sample
of any material. We do this by modulating two incident beams with a digital
micromirror device (DMD) and measuring the transmitted light. This is an im-
provement from our previous experiments [70], where we used mechanical stages
and phase retarders instead of a DMD. A DMD is significantly more stable and ro-
bust than mechanical stages and liquid-crystal phase retarders. Using a DMD in
our experimental method allows for both amplitude and phase extraction, while
our previous experiment had only access to the amplitude data. Here, we show
the measurements of 4 samples with different optical properties: a polystyrene
sphere, a single black human hair, a strip of pultruded carbon, and a block of
ZnO2. For the polystyrene sphere and the single human hair, we compare our
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measurements with Mie calculations.

4.2 Experimental methods
To measure mutual scattering, we built the experimental setup shown in

Fig. 4.2. We use a He-Ne laser (Hughes 3225H-PC, 5mW, λ = 632.8 nm) as
a source and a ×15 telescope to enlarge the beam area. We control the angle and
phase of the incoming beams using a digital micromirror device (DMD, Vialux
VX4100), where the two incoming beams are generated using two active areas
in the DMD. An active area is a collection of adjacent DMD pixels (in this case,
72 pixels) that are simultaneously activated, surrounded by inactive pixels. We
control the phase ∆ϕ of the beams using the Lee holography technique [79, 80].
We implement the spatial filter needed for the Lee holography using lenses L3
and L4 and an iris in between. The two beams are focused into the sample using
lens L5 in such a way that the beams cross, forming an angle γ. We change the
angle γ by changing the position of the active areas of the DMD, thus making
the beams closer or further apart before reaching lens L5 (see Fig. 4.5). We use
two charge-coupled device cameras (CCD, Stingray F-125) to detect the flux F
integrating over the illuminated pixels. Camera CCD1 measures the flux of the
two incoming beams after passing through the sample, whereas camera CCD2
is placed at the focal distance of L5, and its measurement corresponds to the
wavefront pattern at the sample position. We use camera CCD1 to measure mu-
tual scattering, while camera CCD2 is used for calibration and characterization.
Additionally, we place a Powermeter (not shown) at the beginning of the optical
circuit to correct for laser fluctuations.

We measure 280 positions of γ in total from 0◦ to 2.8◦. For each angle γ, we
vary the phase difference ∆ϕ from 0 to 2π with 30 steps in between. To have
better statistics, we iterate the phase scanning three times for each angle.

We extract the normalized mutual scattering component FMS following the
same procedure described in our previous work [70], as

FMS = Fws
1,2 − Fws

1 − Fws
2 −

(
F ns

1,2 − F ns
1 − F ns

2
)
, (4.1)

where the sub-index represents which beam is activated (only beam 1, only beam
2, or both 1,2), and the upper-index states if we measure with the sample present
(ws) or when there is no sample present (ns). FMS represents the modulation of
the extinction of light due to mutual scattering. We normalize this component
with the total extinction of a single beam. If FMS = 0, the extinction has the
same value as in a single-beam experiment; if FMS = 1, the extinction is twice
as large, making the object twice as opaque; and if FMS = −1, the extinction is
canceled out, making the object fully transparent.

We measure FMS for 4 different samples: a polystyrene sphere (Thermo Scien-
tific 7000 Series, 7550A 55 µm), a single black human hair, a strip of pultruded
carbon, and a block of ZnO2. With the exception of the single human hair, all
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Figure 4.2: Diagram of the experimental setup. The two incoming beams are generated
using active areas in the digital micromirror device, which also sets the phase difference
between the beams ∆ϕ. Lenses L3 and L5 and the iris are used for the holographic
filter needed for the Lee holography technique, which allows us to control the phase of
the wavefront. The two beams are focused into the sample by lens L5 forming an angle
γ, and then collected by camera CCD1. A beamsplitter is placed in front of the sample
such that the reflected focus arrives on camera CCD2.

the samples are embedded in PDMS (Dowsil SYLGARD 184 & included curing
agent). We prepare the samples with two layers of PDMS, as shown in Fig. 4.3.
We first prepare a PDMS layer in a Petri dish and use a vacuum pump to remove
the microbubbles in the PDMS. Once the PDMS is cured, we place the sample
on top of it and fill a second layer following the same procedure. When the
second layer is ready, we cut the area where the sample is embedded and glue
it to a microscope glass slide. For all steps, the proportion between PDMS and
the curing agent is 10:1. Meanwhile, we glue both ends of the single hair to a
microscope glass slide such that it is suspended in the air.

A microscope picture of every sample already embedded in PDMS is presented
in Fig. 4.4. Note that due to a microscope artifact, the ZnO2 in Fig. 4.4d looks
as opaque as the pultruded carbon in Fig. 4.4c. To better showcase the difference
in optical properties, Fig. 4.4e shows a picture of the bulk materials.

While the sphere and the hair already have the desired dimensions (2rsphere =
59 µm and 2rhair = 92 µm), the pultruded carbon and the ZnO2 need to be
manually prepared. The pultruded carbon is prepared from a commercially-
available manufacturer (van Dijk Pultrusion Products DPP) with dimensions
1000×10×0.1 mm, and it is manually cut to a cuboid with estimated dimensions
140 × 54 × 10 µm. Finally, the block of ZnO2 is prepared using ZnO2 particles
(Sigma-Aldrich 544906 Zinc Oxide nanopowder) suspended in PDMS, following
the same procedure discussed above, with a particle concentration of 10%. Then,
the sample is manually cut into a cuboid with an estimated side size of 64 µm.

We position all the samples at the crossing point of the two incoming beams,

65



How to extract the complex scattering amplitude of any material
using mutual scattering

a) b)

c) d)

PDMS
Sample
Glass

Figure 4.3: Illustration of steps for sample preparation. a) in a Petri dish, we prepare
a layer of PDMS (grey), b) once the PDMS is cured, we place the sample (white) on
top of it, c) we then cover the sample with a new layer of PDMS, d) once the second
layer is cured, we cut the area where the sample is and glue it on top of a microscope
glass slide.

i.e., at the focal distance of L5. All the samples have a size smaller than the
beam waist at the focus. Thus, they do not block all the light, and the incoming
beam is still present at the detector.

4.3 Experimental calibration and phase acquisi-
tion

A crucial aspect of the experiment is the calibration of the incident beams.
Ideally, when using a plano-convex lens, all the rays cross at the focal point.
Hence, two incident beams are sure to cross on the sample. Unfortunately, any
misalignment or aberration will distort the focus. In addition, we realized the
DMD itself causes strong aberrations in the wavefront (see Chapter 2). This is
most probably because the micro-mirrors are not perfectly flat, and any curvature
or imperfection adds up to the final wavefront.

To overcome this issue, we implement the correction shown in Ref. [84]. The
correction is based on optimizing the intensity pattern at the focus by adding a
phase mask using a pattern generated by Zernike polynomials. This is based on
the assumption that common aberrations have a pattern described by Zernike
polynomials [85]. In Ref. [84], they iterate the coefficients of the polynomials to
maximize the intensity at the focal point. For our case, we found that instead
of maximizing intensity, we obtain a better correction by calculating beforehand
the expected intensity distribution at the focus and then maximizing the 2D
correlation between the measurements and the calculated pattern. For this cal-
ibration, we used the camera CCD2 (see Fig. 4.2). Having a beamsplitter adds
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Figure 4.4: Microscope picture of samples used. a) A polystyrene sphere, b) a single
black human hair, c) a pultruded carbon strip, and d) a ZnO2 block. All pictures
are at the end of the fabrication process, meaning all the samples except the hair are
embedded in two stacked layers of PDMS. e) Picture of the macroscopic raw material for
the pultruded carbon sample and the ZnO2 sample. Both samples need to be manually
cut to get the desired geometry.
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the possibility of calibrating the setup without disturbing the sample.
In Fig. 4.5, we show an example of the phase masks used for different angles.

We characterize our experiment by running the optimization we described above
for every active area separately. In the experiments, only two areas are simulta-
neously activated for a given angle. For the results that we show in this chapter,
we keep the center area (highlighted with a red circle) constantly activated, and
we only vary the second beam. We call this the asymmetric case. Still, our ex-
perimental setup also allows for the symmetric case, where we vary both beams
simultaneously. In our system, it is also possible to vary the position of the active
areas not only in one line but at any angle by characterizing the whole DMD.
Note that here we only show a set of selected angles. In reality, we have almost
600 different positions along the y-axis of the DMD.

It is very important to highlight the difference between the phase mask for the
calibration of the experiments, which we measure and characterize using camera
CCD2, and the phase information extracted from our experiments, which we
obtain by controlling the incident beams onto the sample. When varying the
phase difference between the two beams ∆ϕ at a fixed angle, FMS follows a
sinusoidal curve, as illustrated in Fig. 4.6. We extract the amplitude and phase
of the modulation of FMS for each angle γ. We do this by taking the Fourier
transform of the raw data and filtering the point with frequency f = 1/2π. This
gives us the cosine-like behavior we expect from theory. The optimized amplitude
of the filtered data is extracted as the amplitude of FMS. Conversely, the phase
information of the mutual scattering is the phase difference at which FMS is
maximized.

We treat the error of the estimation of amplitude and phase separately. We
consider the error range of our amplitude estimation to be the average difference
between the filtered curve (solid black line at Fig. 4.6) and the data (symbols
at Fig. 4.6), similar to the residual of a fitting process. Meanwhile, the error of
the phase estimation is done through an iterative process. We do this by adding
phase offsets to the experimental data and calculating the amplitude error for
every new phase offset. The offset where the amplitude error is twice (chosen
based on experience) the original amplitude error, is chosen as the error range of
our phase estimation (see Chapter 2).

If we reach an offset equal to 2π and the amplitude error is still not doubled,
we consider the phase to be undefined, i.e., the data does not have a cosine-like
shape, and we are not able to estimate the phase.

The most challenging step to extract the phase information is to calibrate the
phase difference ∆ϕ when changing the angle. This is because any change in
path length generated by changing the angle will add a dephase. For example,
given angle γ1 with the set phase difference ∆ϕγ1 , changing to angle γ2 without
adapting the phase difference, aberration, misalignment, or medium induces the
dephase such that ∆ϕγ2 ̸= ∆ϕγ1 .

Calibrations of this induced dephase turn out to be tremendously difficult.
We initially calibrate ∆ϕ and γ by measuring the interference fringes at CCD2.
Besides technical limitations, such as noise, alignment, and camera resolution,
we found that the camera cannot obtain the exact phase and angle information
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Figure 4.5: Phase masks in DMD for selected angles. We can control the phase of each
segment of the mask from 0 to 2π. Each circle corresponds to a different incident angle
at the sample. The red circle highlights the central circle, which is always activated. All
the pixels outside the circles have phase and amplitude 0. The color bar is circular (the
color at 1 is the same as the color at −1) to account for the periodicity of the phase.
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Figure 4.6: Total extinction against phase difference between beams for a fixed angle
γ = 0.74◦. Circle symbols are experimental data, and the different colors represent
the different iterations of the measurements. The solid black line shows the extracted
cosine component using Fourier filtering.

because the detector chip is covered by a protective glass [135], while the samples
are embedded in PDMS. These two media have different effects on the phase and
angle of the incoming light. Furthermore, to calibrate ∆ϕ and γ we need to
estimate multiple parameters such as the depth of the sample in the medium,
the orientation of the sample inside the medium, the roughness of the surface of
the medium, any tilt of both cameras, any misalignment, etc. The estimation
has so many degrees of freedom that it is not far from an educated guess, making
it also more susceptible to confirmation bias.

There is a glimpse of hope when looking at the raw data of the phase informa-
tion extracted when measuring mutual scattering. Fig. 4.7 illustrates the steps
we currently follow to calibrate the phase information. Fig. 4.7a shows the raw
phase data for the dielectric sphere. Because of the periodicity of the phase,
we know that ϕ = 2π + ϕ. Fig. 4.7b shows the same raw data multiple times
with jumps of 2π. We select the 2π jump such that yields a continuous curve,
shown in Fig. 4.7c. We see that there is a slow decaying envelope pattern in the
phase, presumably coming from the dephases explained above, as it has a weak
dependence on the angle (i.e., slow variations when changing γ) and larger than
the phase information of the mutual scattering that we expect from theory for
any sample. Thus, it is possible to reduce the effect of the envelope pattern by
making a linear regression and subtracting it from the data in order to obtain
the phase information shown in Fig. 4.7d. This allows us to discuss the small
variations in the data that have a strong dependence on the angle (i.e., fast vari-
ations when changing γ), which we attribute to the sample itself. We believe this
correction is enough to get relevant information from the measured samples. We
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Figure 4.7: Steps for the calibration of the phase information. a) We obtain the raw
phase data from the phase dependency plots (Fig. 4.6). b) Then we add the same curve
many times with jumps of 2π. c) From this, we select the correct 2π jumps to obtain a
continuous line. d) We finally do a linear regression (solid blue line) and subtract the
linear regression to obtain the calibrated phase information.

follow this procedure for all the samples present in this chapter.

4.4 From total extinction to scattering ampli-
tude

In our measurements, we extract the normalized mutual scattering component
FMS by measuring flux F , which is the integral of the current J over the detector
area A [19]. We have two incoming waves with direction k̂in,1 and k̂in,2, and we
integrate the current that goes in the direction k̂in,2. The mutual scattering in
the direction of k̂in,2 is expressed as [71]

JMSk̂in,2 = A1A2Im[f(k̂in,2, k̂in,1)ei(∆ϕ2,1)], (4.2)

where f(k̂in,i, k̂in,j) is the scattering amplitude relating an incoming wave at
direction k̂in,j and an outgoing wave at direction k̂in,i. Ai is the amplitude of
the wave at direction k̂in,i, and ∆ϕi,j is the phase difference between the two
incoming waves.

The complex-value scattering amplitude f can be decomposed in the exponent
form as f = |f |e(iϕf ). Thus, Eq. 4.2 can be simplified as follows:
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JMSk̂in,2 = A1A2|f2,1| sin(ϕf + ∆ϕ2,1), (4.3)

where we change the notation fi,j ≡ f(k̂in,i, k̂in,j) for simplicity. The same nota-
tion follows for the phase component. We see that we maximize this component
if we set the phase difference as ∆ϕ = π−ϕf . Knowing this, we obtain ϕf in our
experiment by scanning the phase and finding the maximum value. Furthermore,
the maximum value of the current is max(JMSk̂in,2) = A1A2|f |. Consequently,
we measure the amplitude of the incoming waves A1, A2 separately, and hence
we obtain |f |.

For some cases, it is more informative to normalize the mutual scattering by
the self-extinction Jin = A2

2 Im(f2,2), as we do for our experimental results. We
define the normalized mutual scattering as

FMS =
∫

A
JMS∫

A
Jin

, (4.4)

where we integrate the current over the detector area A to obtain the flux. Thus,
the effect of the mutual scattering on the total extinction is clearer: if 1−FMS = 2,
the total extinction is twice as large. If 1−FMS = 0, the total extinction vanishes.
Experimentally, FMS is obtained by measuring the flux for different scenarios, as
shown in Eq. 4.1.

4.5 Experimental results
4.5.1 General observations

We measure the mutual scattering component for 4 samples: a dielectric sphere,
a single black human hair, a strip of pultruded carbon, and a block of ZnO2. We
show the results for all the samples in Fig. 4.8 and Fig. 4.9. The top panel of each
figure shows the angular dependency of the amplitude of the modulation, where
the blue circles and green squares represent the minimum and maximum modu-
lation, respectively, obtained by changing the phase. These values are obtained
from the phase dependency at each angle, as shown in the example of Fig. 4.6.

Additionally, the solid red lines in Fig. 4.8 show the results from our Mie modes,
both for amplitude and phase. Note that we plot the model against the right
y-axis, which has a scaling and offset factor for clear comparison. We include
multiple model curves with 2π spacing to account for the periodicity of the phase.
For our calculations, we use a sphere geometry for the dielectric sphere and a
cylinder geometry for the single human hair. The inputs to the model are the
refractive index of the sample ns, the refractive index of the medium nm, and the
sample radius rs. The parameters used for the models are presented in Table 4.1.
Obviously, these Mie models are not applicable to the strip of pultruded carbon
and the block of ZnO2 due to their complicated shape.
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(a) Polystyrene sphere.
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(b) single black human hair.

Figure 4.8: Mutual scattering result for a) polystyrene sphere and b) single black
human hair. Both sub-figures have two panels, top and bottom. The top panel shows
the amplitude of the total extinction modulation, and the bottom panel shows the phase
of the modulation. At the top, green square symbols are the maximum modulation,
and blue square symbols are the minimum modulation. The solid red line shows the
results from our model. This model at the top panel is plotted against the right red
y-axis.
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(a) Pultruded carbon strip.
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Figure 4.9: Mutual scattering result for a) pultruded carbon strip and b) ZnO2 block.
Both sub-figures have two panels, top and bottom. The top panel shows the ampli-
tude of the total extinction modulation, and the bottom panel shows the phase of the
modulation. At the top, green square symbols are the maximum modulation, and blue
square symbols are the minimum modulation.

74



4.5. Experimental results

Sample ns nm 2rs (µm)
Polystyrene sphere 1.58751 1.4121 59
single black hair 1.55+1i [116] 1 92

Table 4.1: Table of parameters used for our Mie calculations.
(1From manufacturer)

The bottom panel of each sub-figure of Fig. 4.8 and Fig. 4.9 shows the angular
dependency of the phase information, which is the phase at which we obtain
the maximum value (green squares in the top panel). We calibrate the phase
information as discussed previously. When the amplitude of mutual scattering is
close to zero, the phase has an increasing error margin. We consider these as the
points where the phase is undefined.

4.5.2 Polystyrene sphere

We see in Fig. 4.8a that the measurements of the polystyrene sphere have a
trend that is in agreement with our model, both in amplitude and phase. In
a previous work [70] (see Chapter 3), we show how analytical models are in
agreement with experiments when the angle is close to zero γ → 0, and when
increasing the angle the model deviates, as we approach the speckle regime, where
the distribution of scatterers and the exact 3D shape of the object gain more
relevance. Here we see a similar behavior, with the model for the amplitude
information starting to deviate around γ = 2.1◦. Around γ = 1.5◦, the model and
the data seemingly split; the model goes upwards while the data goes downwards.
Although the trend is different, the phase goes down to −0.5 × 2π, which is close
to the value of the model after accounting for the periodicity of the phase.

The measurements show that the phase becomes undefined at the nodes of the
amplitude, namely around γ = 0.6◦ and γ = 1.2◦. We call these closed nodes,
where the modulation is so small that it is not possible to define the optimal
phase. Still, a third node is present around γ = 1.6◦ which is not accompanied
by an undefined phase. We call these types of nodes open nodes, as the gap
between maximum and minimum modulation is not completely closed.

The measurements of the polystyrene sphere show a larger error range com-
pared to the other samples. This is mainly due to the low contrast of the re-
fractive index between the sample and the surrounding media. This translates
into a weak scattering signal and, thus, a lower signal-to-noise ratio (SNR). This
is particularly relevant at the end of the angular range for the amplitude data,
where the low SNR makes the phase undetermined. Interestingly, the phase data
starts deviating from the theory just at the point of the expected third node,
which is an open node, located before the amplitude deviates from the theory.

A possible reason for the differences between theory and experiments is the ge-
ometry of the sample. While the Mie calculations assume a perfect, homogeneous
sphere, our sphere is exposed to fabrication imperfections. As an example, it has
been previously observed [136] that a dielectric sphere fabricated by a two-step
growing process has the scattering properties of two spheres, one inside the other.
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Our experiment is particularly sensitive to such effects when increasing the angle
γ, as we are entering the speckle regime.

4.5.3 Human hair

For the measurements of the single human hair shown in Fig. 4.8b, we see
that the model is in good agreement with the experimental measurement of
the amplitude of mutual scattering. Similar to the polystyrene sphere, when
increasing the angle we approach the speckle regime and the model deviates
from the experimental data. This happens around γ = 1.9◦, although for small
angles we also see a difference between the model and the data, as the first node
of the model is not present in the experimental data. Note that for very small
angles, the two incoming Gaussian beams overlap in the area of the detector, and
thus the measurements are less precise.

For the phase measurements, we see an abrupt jump of δϕ ≈ π around γ = 1◦,
which is not accounted for in the model. Besides this, the phase information
follows the same decreasing trend as the analytical model. We also see that even
though we have nodes in the amplitude measurements, the phase is never unde-
fined, even when γ > 1.9◦ where the model starts deviating from the amplitude
data.

In this case, the Mie calculation is useful as a first approach, but incomplete.
We can use it to, e.g., extract the width of the sample, which dictates the pe-
riodicity of the nodes in the amplitude data; we note that the periodicity of
the nodes in the sphere measurements is larger than the periodicity in the hair
measurements, meaning the sphere is smaller than the hair. Nevertheless, the
complexity of a biological sample as a single human hair is not encapsulated in
our calculations, where we assume the sample to be a perfect cylinder. It is well
known that human hair is composed of layers, namely the cortex, medulla, and
cuticle. [137, 138] Each layer has different scattering properties, and it may not
be homogeneous along the hair. [113, 116] Furthermore, the surface of the hu-
man hair may contain overlapping cuticle cells that form a scale-like structure,
deviating even more from the ideal structure used in the calculation. The scan-
ning electron microscope (SEM) images shown in Fig.4.10 provide an insight into
the structure of human hair, revealing deviations from the assumed cylindrical
shape. The cross-sectional images presented in Fig.4.10a,b show that the hair
strand in our sample seems to have a triangular shape. Additionally, Fig. 4.10c,d
highlight the presence of scale-like structures, which as we mentioned before, are
not accounted for in the Mie calculation. In addition, the calculation imposes a
certain orientation of the sample with respect to the incident beam. Thus, any
tilt in the sample is reflected in the measurements. This is not a problem in the
case of the sphere because of its symmetry.

4.5.4 Pultruded carbon strip

For the amplitude data of the pultruded carbon in Fig. 4.9a, we identify three
nodes, namely around γ = 1.25◦, around γ = 2.1◦, and around γ = 2.8◦. These
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nodes are not as clear as for the rest of the samples, and other interpretations
are possible, e.g., instead of a single node around γ = 1.25◦, there might be two
nodes close to each other, around γ = 1.2◦ and γ = 1.45◦. For the case of the
phase data, we see a long step between γ = 1.2◦ and γ = 1.8◦, where the phase
is also undefined. These positions are close to the nodes described above.

Due to the free-form shape of this sample, it is very challenging to build an
analytical mathematical model to predict experimental results, which is the type
of challenge we address in our research program “Free form scattering optics
(FFSO)”. We may, in turn, use a simpler approximate model based on diffraction
theory, with which we model the sample as a perfectly flat, fully absorbing object.
One of the many problems with this approach is that it is highly sensitive to the
geometry and orientation of the sample. Even supposing the sample has a perfect
cuboid shape, mutual scattering depends heavily on the orientation of the sample
with respect to the axis where the angle γ between the two incoming beams is
formed. We hypothesize that the orientation of the carbon strip is the reason
why the first node is not so clear for this measurement.

4.5.5 Block of ZnO2

In Fig. 4.9b, we see that there are many nodes in the amplitude measurements
that show up at specific angles. These nodes are located at γ = 0.69◦, 0.87◦,
1.03◦, 1.3◦, 1.62◦, 2.0◦, 2.17◦, 2.27◦, and 2.5◦. Some of these nodes also have
undefined phases. However, there are four nodes at γ = 0.69◦, 1.03◦, 1.3◦, and
1.62◦ that do not have undefined phase, which we call open nodes. As in the
previous cases, the phase data shows a long step between the node at γ = 0.87◦

and the node at γ = 2.0◦. This step seems to agree with an overall increase in
the amplitude data.

To better analyze the amplitude data, we divide it into two functions: One
with a strong angle dependency, known as the carrier signal, and another with
a weak angle dependency, known as the envelope signal. The carrier signal is
responsible for the nodes that are present across the entire angular range and
is in sync with the points of undefined phases. The envelope signal, on the
other hand, is responsible for the overall increase in the amplitude data and is in
sync with the step present in the phase data. We attribute these two signals to
different characteristics of the free-form nature of the sample. The carrier signal
is related to the object’s overall shape, while the envelope signal is related to
small changes in geometry. Furthermore, the small jumps in phase, such as those
observed at γ = 1.17◦, 1.85◦, and 2.14◦, are indicative of the speckle behavior of
mutual scattering.

4.6 Conclusions
In this chapter, we present an experimental procedure to measure the modu-

lation of light extinction in different materials. This is done using two incoming
laser beams and exploiting mutual scattering. By varying the relative angle and
phase between the two beams, we obtain the amplitude of the modulation and the
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Figure 4.10: SEM images of the human hair sample for different positions and mag-
nifications.

phase at which the extinction is maximized. From this, it is possible to extract
the scattering amplitude, which fully describes the light-scattering properties of
the object.

We studied 4 samples: a dielectric sphere, a single black human hair, a strip of
pultruded carbon, and a block of ZnO2. All these samples are finite in a three-
dimensional space, i.e., smaller than the incident beam, and are embedded in
PDMS. Except for the single human hair, which is extended in one dimension
and suspended in the air. With all these samples, we cover objects with different
geometries, objects that are either absorbing or scattering, and we include a
biological sample as well. We compared the polystyrene sphere and the single
human hair to Mie calculations, and we found that, especially for the amplitude
data, the model is in close agreement with the data. In turn, deviations from
the model are attributed to sample characteristics that differ from the ideal,
homogeneous geometries considered in the calculations.

In general, we see at the end of the angular range in the phase measurements
a steady increase in the signal. This is attributed to the calibration of the exper-
imental setup rather than to the sample itself. This uncertainty keeps us from
drawing any conclusion regarding the phase for that region, regardless of the
SNR of the measurements. We believe the sample preparation creates a signifi-
cant amount of degrees of freedom in the calibration. A potential improvement
of our measurement method is to develop a predictable and accurate fabrication
process such that the calibration is applicable for every angle.
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One of the advantages of our approach with mutual scattering is that it is
applicable for either very absorbing or very scattering materials. Furthermore,
as long as the approximation of far-field holds, mutual scattering is applicable for
any sample size and wavelength. By slightly modifying the setup with the right
phase modulators, we can adapt the experiment to have a better angular resolu-
tion or to extend the angular range. On top of that, a DMD allows us to rotate
the plane of the two incoming beams or even add more incoming beams, which
resembles the multiple-beam wavefront shaping setup [43, 44]. Finally, we be-
lieve the extraction of the complex scattering properties has plenty of promise for
future applications in areas such as metrology, microscopy, and nanofabrication.
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Chapter 5
Mutual scattering for light
extinction optimization

Mutual scattering occurs when multiple coherent waves are incident
on a finite-size scattering object and refers to a cross-interference be-
tween the incident and scattered waves. By modulating mutual scat-
tering, we control the total extinction of the system, thereby making
the object more transparent or more opaque. We present an extension
of previous mutual scattering experiments from N = 2 to N = 64 inci-
dent waves (and up to Nmax = 400). In comparison, wavefront shaping
— a well-established modulation technique — optimizes the forward
intensity in a given direction. In our study, we compare the final
intensity and extinction in a particular outgoing direction when max-
imizing intensity through wavefront shaping and maximizing trans-
parency through mutual scattering. As expected, wavefront shaping
outperforms mutual scattering in terms of maximizing intensity. In-
triguingly, however, we not only find that mutual scattering is superior
to wavefront shaping in maximizing transparency, but also that apply-
ing wavefront shaping actually increases the extinction of the system,
and thus decreases the transparency. These findings open up opportu-
nities for further comparisons between wavefront shaping and mutual
scattering to discern when one approach is better than the other, as
well as for exploring additional applications of light extinction opti-
mization, such as increasing the extinction of fluorescent particles to
enhance their emission or decreasing the extinction of samples in op-
tical tweezers to mitigate the effects of heating in the sample.
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5.1 Introduction
Mutual scattering is a recently discovered effect, which is always present when

multiple coherent incident waves pass through a finite-size object [69, 71]. If mul-
tiple incident waves cross in a finite sample, there is a cross-interference between
one coherent incident wave and the scattered wave generated due to another
incident wave. This cross interference is the mutual scattering effect, which af-
fects the total extinction of the sample. With mutual scattering, we tune the
extinction of the sample, making it appear more transparent (minimizing the
extinction) or more opaque (maximizing the extinction) [70].

Mutual scattering was originally discovered while studying energy conservation
in wavefront shaping. Wavefront shaping is an extensively used technique for
studying light scattering, where the incident wavefront is modulated to achieve
a specific transmitted wavefront [43, 63, 72, 103, 139]. The incident wavefront
is modulated such that the light propagation through the sample is controlled
by interference. These interferences generate a random pattern in the far field,
called the speckle pattern.

So far, mutual scattering has only been studied when N = 2 incident waves
are present. Although many applications of mutual scattering — e.g. optical
characterization, optical cloaking — do not require more incident waves, having
a larger N > 2 number of incident waves makes it possible to compare wavefront
shaping and mutual scattering. This is particularly interesting because it shows
the differences — both at the fundamental level and for applications — between
optimizing light intensity in a detector plane and optimizing light extinction
through a sample.

In this chapter, we perform a study to greatly expand the mutual scattering
measurements to a large number of beams Nmax = 400. We use this to com-
pare the enhancement of intensity ηI and enhancement of transparency ηE when
optimizing intensity (wavefront shaping) and when optimizing extinction (mu-
tual scattering). We tackle the question, does maximizing forward intensity and
minimizing extinction yield the same result?

5.2 Experimental methods
To optimize light extinction using the mutual scattering effect, we use the ex-

perimental setup described in Chapter 4, with the main difference being that
now we do not have only two incident beams, but up to Nmax = 400 beams. We
present the diagram of our experimental setup in Fig. 5.1. We use a He-Ne laser
(Hughes 3225H-PC, 5mW, λ = 632.8 nm) as a source and a ×15 telescope to en-
large the beam area. We use a digital micromirror device (DMD, Vialux VX4100)
for wavefront modulation. Since the DMD is a binary amplitude modulator, we
use the Lee holography technique to convert it into phase modulation [79, 80].
We implement the holographic filter needed for this technique using lenses L3 and
L4 and an iris in between, followed by a focusing lens L5. We use two charge-
coupled device cameras (CCD, Stingray F-125) to detect the flux F integrating
over the illuminated pixels. We form two paths with a beamsplitter, and we
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Figure 5.1: Diagram of the experimental setup. The incident beams are generated
using active areas in the digital micromirror device, which also sets the phase difference
between the beams. Lenses L3 and L5 and the iris are used for the holographic filter
needed for the Lee holography technique, which allows us to control the phase of the
wavefront. The wavefront is focused into the sample by lens L5 and then collected by
camera CCD1. CCD2 is placed virtually at the same position as camera CCD1 without
a sample in front.

place two cameras, CCD1 and CC2, at the same distance from the beamsplitter,
beyond the focal distance of the lens L5. The sample — a single strand of hair
suspended in the air — is positioned in one of the focus in front of camera CCD1.
Camera CCD1 measures the flux of the incident beams after passing through the
sample, whereas camera CCD2 measures the flux of the incident beams without
the sample. Additionally, we place a powermeter (not shown) at the beginning
of the optical circuit to correct for laser fluctuations.

To extend the experiment shown in Chapter 4 from 2 beams to N beams, we
filled the DMD screen with active areas, using all active areas simultaneously. An
active area is a collection of adjacent DMD pixels (in this case, 72 pixels) that are
simultaneously activated, surrounded by inactive pixels. Therefore, we followed
the same optimization procedure explained in Chapter 2, where we optimize each
active area separately using Zernike polynomials to correct for the aberrations
induced by the DMD. We show the final results in Fig. 5.2.

Although it was possible to optimize the entire DMD at once, this approach
was not pursued due to the desire for a clear separation between incident beams
and to avoid excessively small beam waists at the focus point, to remain within
the resolution of the CCD camera. Moreover, optimizing the entire continuous
wavefront would require a larger number of Zernike coefficients compared to
optimizing smaller active areas independently.

If only two active areas are ON, the angle formed by the two incident beams
depends on the relative position between the active areas that can be tuned
with high resolution by changing their separation pixel by pixel. If multiple
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Figure 5.2: Phase masks in DMD for every active area. We control the phase of each
segment of the mask from 0 to 2π. Each circle corresponds to a different incident angle
at the sample. All pixels outside the circles have phase and amplitude 0. The color bar
is circular (the color at 1 is the same as the color at −1) to account for the periodicity
of the phase.

beams are present simultaneously, the angular resolution is dictated by the size
of the active area. For this experiment, we chose active areas with a diameter
of d = 72px = 777.6µm with a minimum separation of dgap = 3px = 32.4µm,
resulting in a maximum number of beams equal to Nmax = 25 × 16 = 400 with
an angular resolution of δγ ≈ 0.23◦. However, increasing the number of beams
increases the duration of the experiment. We realized that only the central
segments affected the optimization in a significant way. Thus, we decided to use
only the N = 8 × 8 = 64 active areas at the center of the DMD.
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5.3 Experimental procedure
In Chapters 3 and 4, we describe how to extract the mutual scattering com-

ponent from flux measurements when two incident beams are present. Here, we
expand the procedure for the case when N beams are incident in the sample.
We extract the mutual scattering component in a particular direction k̂in,i by
isolating the components of the field that include a cross-interference between
the incident beam i and all the scattered waves in the direction k̂in,i generated
by the N − 1 other incident waves.

When N plane waves are incident in a scattering object, the resulting total
wave in the far field is a combination of 2N waves, namely N incident and N
scattered waves

ψ =
N∑

i=1
ψin,i +

N∑
i=1

ψscat,i, (5.1)

Where ψ is the resulting field, ψin,i is the incident wave in direction k̂in,i and
ψscat,i is the scattered wave generated by the incident wave ψin,i. ψin,i is a plane
wave only present in direction k̂in,i, while ψscat,i is a spherical wave present in all
directions.

When we place a detector in the far field, we measure a flux F , which is the
integral of the current J over the area A of the detector equal to

F =
∫

A

JdA =
∫

A

Re [(∂tψ)∗∇ψ] dA. (5.2)

Because N incident waves are present, F is composed of N ! components. We
assume the detector area to be small w.r.t. the angular dependency of the scat-
tered waves such that F =

∫
A
JdA = JA. To simplify the notation, we define

the operators ⋆ and ⋆⋆ as

x ⋆ y ≡ Re [(∂tx)∗∇y] , (5.3)
x ⋆ ⋆y ≡ x ⋆ y + y ⋆ x. (5.4)

With this, we express J as

J =
N∑

i=1
ψin,i ⋆ ψin,i +

N∑
i=1

ψscat,i ⋆ ψscat,i +
N∑

j=i+1

N−1∑
i=1

ψin,i ⋆ ⋆ψin,j

+
N∑

j=i+1

N−1∑
i=1

ψscat,i ⋆ ⋆ψscat,j +
N∑

i=1
ψin,i ⋆ ⋆ψscat,i +

N∑
j=i+1

N−1∑
i=1

ψin,i ⋆ ⋆ψscat,j ,

(5.5)
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where the first term of Eq. 5.5 is the flux of the incident beams, the second term
is the flux of the scattered waves, the third term shows the interference between
incident waves, the fourth term shows the interference between scattered waves,
the fifth term shows the self-extinction of each beam, and the sixth term is the
mutual scattering.

We are interested in optimizing mutual scattering in a particular direction,
e.g. k̂in,1. To isolate the terms related to mutual scattering in one direction, we
note that by measuring the current without the sample, there are no scattered
waves, and so we obtain the first and third terms of Eq. 5.5. To obtain the
second and fifth terms, we measure each beam individually. This yields the term
ψin,i ⋆ ψin,i + ψin,i ⋆ ⋆ψscat,i + ψscat,i ⋆ ψscat,i, so we also measure the case when
no sample is present to eliminate the first term.

Because ψscat,1 is present only if ψin,1 is also present, it is not possible to isolate
the mutual scattering term further, but we can make some assumptions instead.
It is justified to assume the scattered waves have much smaller amplitudes than
the incident waves, which in turn means the interference between two scattered
waves has a very small contribution compared to the interference between a
scattered wave and an incident wave. This means that the fourth term of Eq. 5.5
is neglected. Furthermore, we assume that in the direction k̂in,1, ψin,1 has a
much larger amplitude than any other incident beam, and thus any interference
between ψscat,1 and ψin,i̸=1 is much smaller than the mutual scatter term. This
means that the sixth term is reduced to

∑N
i=2 ψin,1 ⋆ ⋆ψscat,i. It remains to be

tested that these assumptions are reasonable in experiments.
Considering the procedure explained in this section, we extract the mutual

scattering term for N incident beams in the direction k̂in,1 as FMS = JMSA, with

JMS ≈ J − JNS −
N∑

i=1
(Ji − Ji,NS) , (5.6)

where J is the current when all beams are present and the sample is placed in
the experiment, JNS is the current when all beams are present and no sample
is placed in the experiment, Ji is the current when only ψin,i is present and the
sample is placed in the experiment, and Ji,NS is the current when only ψin,i is
present and no sample is placed in the experiment. We see that to measure the
mutual scattering of N incident beams, we need a total of 2N +2 measurements.

5.4 Results and discussion
The first relevant measurement related to light extinction optimization using

mutual scattering is to compare it to wavefront shaping (WFS), which is uniquely
concerned with light intensity. We could use WFS to optimize light extinction
by optimizing the forward intensity e.g., maximizing the forward intensity as
a means to minimize the light extinction, but this method is incomplete. As
we described in the previous section, the resulting wave in far-field has multiple
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Target ηI ηE
Intensity 4.69 0.63

Transparency 1.70 1.47

Table 5.1: Intensity enhancement ηI and transparency enhancement ηE after optimiz-
ing for intensity (wavefront shaping) and optimizing for extinction (mutual scattering).

interference terms besides the light extinction term. If we are only concerned
about light intensity, then it is more efficient to optimize the interference between
the incident waves in the detector plane than to optimize the light extinction in
the sample.

To compare mutual scattering and wavefront shaping, we implemented both
techniques in our experiments. We chose the central active area of the DMD as
k̂in,1. First, we maximize the intensity (wavefront shaping) in the direction k̂in,1
using the sequential algorithm [43]. In the sequential algorithm, we scan every
active area one by one, changing the phase from 0 to 2π, and selecting the phase
that maximizes the intensity. We use three iterations of this algorithm. Once
the maximization is complete, we measure the final intensity along with the final
light extinction and we compare them to their initial values. Second, we optimize
the extinction (mutual scattering) in the direction k̂in,1 by maximizing the trans-
parency, i.e., minimizing the light extinction. Again, once the maximization is
finalized, we measure the final intensity along with the final light extinction and
we compare them to their initial values.

In Table 5.1, we show the intensity enhancement ηI and the transparency en-
hancement ηE for both optimizations, wavefront shaping and mutual scattering.
We decided to refer to transparency instead of extinction to have a more intuitive
comparison between maximizing intensity and maximizing transparency. The in-
tensity enhancement is calculated as in previous wavefront shaping studies [43,
63, 72, 103, 139], and the transparency enhancement is defined as

ηI ≡ Iopt

⟨I0⟩
, (5.7)

ηE ≡
[

Fext + FMS,opt

⟨FMS,opt + FMS,0⟩

]−1
, (5.8)

with Iopt, FMS,opt the final intensity and extinction, respectively, ⟨I0⟩, ⟨FMS,0⟩
the ensemble average of the initial intensity and extinction, respectively, and
FMS,opt the total extinction before optimization. Note that the transparency
enhancement metric is defined as the inverse of the extinction enhancement. We
also show in Fig. 5.3 the intensity and extinction pattern in the vicinity of the
direction k̂in,1 after intensity and extinction.

From the results presented above, we see that maximizing intensity with wave-
front shaping yields a higher intensity enhancement than when maximizing trans-
parency with mutual scattering. This agrees with our initial hypothesis. Impor-
tantly, although the enhancement is low, we see that there is an increase in
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a)
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c)

Figure 5.3: (a,b)Intensity and (c,d)extinction pattern in the vicinity of the direction
k̂in,1 after optimizing (a,c) intensity and (b,d) extinction.
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intensity when maximizing transparency using mutual scattering. When look-
ing at the transparency enhancement, we see that the transparency increases
(ηE > 1) when maximizing transparency, while it decreases (ηE < 1) when max-
imizing intensity with wavefront shaping. A lower transparency means that we
extract more light out of the incident beam, which seems to be in contradiction
with the fact that the resulting intensity increases. However, as we measure
extinction and intensity in a certain direction, the increase in intensity is most
probably due to interference between the incident waves and not necessarily due
to cross-interference between the incident waves and the scattered waves. This
means that when we maximize intensity, we focus more on the waves passing on
the sides of the sample, regardless of how much light interacts with the object.

An important parameter to compare mutual scattering and wavefront shap-
ing is time. Although better algorithms and faster modulation devices can be
used, the amount of ancillary measurements needed to measure mutual scattering
makes this alternative much slower than wavefront shaping. This limits applica-
tions of light extinction optimization using mutual scattering to static materials.

5.5 Summary and outlook
We draw a comparison between maximizing intensity using wavefront shaping

and maximizing transparency using mutual scattering. We optimize the phase
of multiple waves incident with different directions and measure intensity and
extinction in a specific outgoing direction. As anticipated, wavefront shaping
proves to be more effective in maximizing intensity. Intriguingly, however, we not
only find that mutual scattering is superior to wavefront shaping in maximizing
transparency, but also that applying wavefront shaping actually increases the
extinction of the system, and thus decreases the transparency.

For future steps, new samples with various scattering properties should be
studied to generalize the results for other samples. Furthermore, by changing the
focusing lens, we can adjust the angular resolution such that all the active areas
of the DMD make a non-negligible contribution to light extinction. And as the
angular range needed depends on the sample size, both parameters have to be
decided accordingly.

Our results open up opportunities for further comparisons between wavefront
shaping and mutual scattering. Specifically, we introduce mutual scattering as a
novel approach to optimize extinction, prompting us to investigate its applica-
bility, especially in areas where wavefront shaping may not be viable. Notably,
optimizing extinction has important implications in various applications, such as
fluorescent particles and optical tweezers. For instance, optimizing extinction in
fluorescent particles leads to higher fluorescence signals, as increased absorption
results in an enhancement of excited signals. Conversely, a limitation of optical
tweezers is the absorption of samples, especially biological samples, as the heat
generated during absorption damages the samples. Reducing the absorption of
samples in optical tweezers would significantly broaden the applicability of this
technique.
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Chapter 6
Wavefront shaping through
a free-form scattering object

Wavefront shaping is a technique to study and control light trans-
port inside scattering media. Wavefront shaping is considered to be
applicable to any complex material, yet in most previous studies, the
only sample geometries that are studied are slabs or waveguides. The
slab geometry offers a simple approach to light scattering but is in its
essence not relevant to practical applications in industry, where free-
form shape and finite devices are used. In this chapter, we study how
macroscopic changes in the sample shape affect light scattering using
the wavefront shaping technique. Using a flexible scattering material,
we optimize the intensity of light in a focusing spot using wavefront
shaping and record the optimized pattern, comparing the enhance-
ment for different curvatures and beam radii. We observe the changes
in light transport inside the material due to macroscopic changes of
the shape by measuring the correlation of optimized wavefronts. We
validate our hypothesis that wavefront shaping has a similar enhance-
ment regardless of the free-form shape of the sample and thus offers
relevant potential for industrial applications. We propose a new figure
of merit to evaluate the performance of wavefront shaping for different
shapes. Surprisingly, based on this figure of merit, we observe that for
this particular sample, wavefront shaping has a slightly better perfor-
mance for a free-form shape than for a slab shape.
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6.1 Introduction
How to transport light efficiently from A to B? This deceivingly simple ques-

tion is the central challenge in the functionality of daily used devices such as
cameras, projectors, lighting systems, and even optically-secured bank cards.
When light travels from point A to B through a transparent medium with macro-
scopic, optionally curved, surfaces it follows a path that — following the famous
principle of Fermat (1658) — has an optical length which is an extremum [26].
This changes fundamentally when the medium contains microscopic particles that
scatter light. The technologically relevant question “what happens when both
macroscopic curved interfaces and nanophotonic scattering media appear simul-
taneously”, has remained unaddressed and unanswered yet. To date, free-form
optics and nanophotonics have developed separately from each other, the for-
mer originating from optical engineering and the latter from condensed matter
physics. The interplay between microscopic scattering and refraction or reflection
by macroscopic free-form surfaces offers new, largely unexplored, opportunities
and solutions to diverse technological problems.

The question of how light travels efficiently from A to B is central to many
advanced technologies that play important roles in modern society, such as high-
precision metrology for integrated nano-circuits in the Internet of Things (IoT)
and our smartphones, or detectors in earth-observing satellites. In modern optics,
the question is addressed by custom-designing free-form components –– lenses
and curved mirrors —- that transfer a given distribution of light at the source to
a desired distribution at the target. Over the last decade, free-form optics have
been used in the development of versatile, miniature, and efficient devices that
appear in daily life [26, 27].

While nanophotonic media that scatter light cannot be understood with cur-
rent free-form design methodologies, many modern devices greatly benefit from
these media. For instance, in our homes, offices, and streets, a quiet revolution is
taking place as white LEDs are replacing energy-inefficient light sources. A white
LED consists of a blue diode [140], whose output is converted and diffused in a
layer of phosphor particles [95, 141]. The presence of the light-scattering (and
also absorbing and re-emitting) phosphor layer is essential to the functionality of
a white LED. Other applications of nanophotonic media include high-precision
metrology tools for nanolithography, the calibration of space instruments for
earth observations, and novel (quantum) optically secured information technol-
ogy for privacy. Currently, it is not feasible to describe light-scattering coatings,
diffusers, or suspensions with free-form optics. Conversely, in nanophotonics, an-
alytic solutions exist only for simple sample geometries such as spherical, slab,
and planar. No analytic solutions exist for arbitrary free forms. The presence
of microscopically structured materials in macroscopic free forms implies a huge
difference in scale to which conventional optical models cannot be applied. Hence
current industry solutions invoke shortcuts, including untested assumptions. To-
day’s lack of knowledge on free-shape scattering optics hampers fast, efficient,
and systematic design progress as well as the development of new optical archi-
tectures.

92



6.2. Experimental Methods

One method extensively used for studying nanophotonic scattering media is
wavefront shaping (WFS), where the light propagation through a scattering
medium is controlled by interference [43, 63, 72, 103, 139]. These interfer-
ences generate a random pattern in the far field, called the speckle pattern.
Recently, the potential of WFS has been extended to, for instance, time-varying
samples [61, 104, 142], and periodic samples such as 2D (and 3D) photonic crys-
tals [143, 144]. The interferences inside a scattering media are considered random.
But still, when certain properties are only slightly changed, a correlation in the
speckle pattern persists. This is called the memory effect and has been studied
by changing the angle of the incident beam, its position on the sample, and its
wavelength [39–42]. But for all these experiments, the sample’s shape was kept
constant.

In most cases to date, WFS has been done on the quintessential scattering
sample shape, namely in slabs. However, as previously illustrated, real-world
applications require samples to have a free-form shape and be finite. Although
many robustness studies have been made in WFS, as far as we know, no study
includes changes in the sample’s shape. Because of that, the impact of the
macroscopic characteristics of the object is not addressed in current theories.

Here, we present the study of an opaque sample of TiO2 particles suspended
in silicone, as shown in Fig. 6.1. Exploiting the mechanical flexibility of silicone,
we modify the shape of the sample and measure the enhancement of the intensity
η in a point of the speckle pattern. We used a tailored-made sample holder to
change both the curvature of the flexible sample and a focusing lens with a linear
stage to change the beam radius on the sample. When it is curved, the sample
has a curvature radius of approximately Rc = 15 mm. The thickness and the
radius of curvature of the slab are inspired by the dimensions used in, e.g., the
Philips HUE bulb, see Fig. 6.1b). In this product, a set of colored LEDs is used to
create both colored and white light at will using wireless control. To mix the light
of these LEDs, the outer bulb plays an instrumental role. The typical thickness
of the bulb is close to 2mm, and the radius varies with position, of which we
considered 15 mm a typical value. We compare the performance of WFS in a flat
and a free-form sample as a function of beam radius. With this, we want to draw
the attention of the community to study the properties of industrially relevant
free-form scattering objects both in theory and experiments.

6.2 Experimental Methods
The optical setup is depicted in Fig. 6.21. We use a green laser (Coherent

COMPASS 315M-100, λ = 532 nm) as a source, and we modulate the wavefront
using a digital micromirror device (DMD, DLP7000 Texas Instruments). To
convert the binary amplitude modulation into a phase modulation, we use the
Lee holography technique [79, 80] implemented with a 4f system, where we filter
the −1 order in the Fourier plane with an iris. The beam is then focused into the

1The setup is based on the COPS wavefront shaping “demo” that is compact and portable
for demonstrations in schools and other venues
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Figure 6.1: Tailored-made holder and sample used for experiments. a) 3D model of the
sample holder. b) Commercial smart light bulb, Philips HUE, from which the free-form
shape of our sample is inspired. c) The sample in the sample holder in the flat position,
and d) the sample in the curved position. The sample is attached horizontally to the
holder (red arrow) and vertically to two movable metal bars (yellow arrow). The bars
move in the range delimited by the rails on the side of the holder.

94



6.3. Enhancement in curved objects

Laser
L1 L2

L3

L4

L5

Sample

CCD
M1

DMD

Telescope

H
ol

og
ra

ph
y

Rc=∞

Rc

Figure 6.2: Experimental setup for wavefront shaping. We use a DMD device combined
with the Lee holography method to achieve phase-only modulation. Lens L5 is placed
on top of a linear stage, to control the distance between L5 and the sample. We collect
the speckle pattern in transmission. Inset: diagram of the curvature of the sample Rc.
The sample is curved in such a way that the position of the center of the sample is
constant. The sample is curved using the holder shown in Fig. 6.1. (L: lens; M: mirror).

scattering material, placed in a tailored-made holder, and a CCD camera (Guppy
PRO F-125b) collects the light transmitted through the sample. The focusing lens
L5 is placed on top of a linear stage to have control over the position of the sample
related to the focal length. The information collected from the CCD camera is
used to optimize the DMD pattern following the sequential algorithm [43, 44].

The sample consists of TiO2 particles suspended in silicone with a weight
concentration of 0.1 wt%. The sample has a wafer-like shape with a thickness of
L = 2 mm. To study the free-form sample, we exploit the flexibility of silicone to
do measurements when the sample is flat and perpendicular to the incident beam
and when the sample is curved. To curve the sample in a controlled manner, we
designed a special sample holder, shown in Fig. 6.1. The sample is attached to the
holder from the side with clamps and on the top and bottom to sliding metallic
bars. These fixed points are highlighted in Fig. 6.1c) and Fig. 6.1d) with yellow
and red arrows, respectively. When the bars are close to the front, the sample
is completely flat, and when the bars are fixed close to the back, the sample is
curved. With this holder, we control the curvature of the sample during scattering
and wavefront shaping experiments while other physical parameters are constant.

6.3 Enhancement in curved objects

A relevant parameter to study in WFS experiments is the intensity enhance-
ment η. The enhancement is defined as
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η ≡ Iopt

⟨I0⟩
, (6.1)

where Iopt is the intensity at the target position after wavefront optimization
and ⟨I0⟩ is the ensemble average intensity of the pattern before optimization [46].
The ensemble average intensity is calculated by averaging the total counts on the
detector at the target position over multiple random wavefronts.

We compare a free-form sample with a slab-like shape by measuring the en-
hancement η for a different number of segments Ns. In Fig. 6.3, we plot η(Ns) for
both a flat and a curved sample. Each symbol is composed of the maximum en-
hancement obtained with the corresponding number of segments, averaged over
three iterations of the optimization loop. Every iteration uses a flat incident
wavefront as the initial value, meaning each optimization is independent of the
others. Fig. 6.3 also includes two curves corresponding to theoretical limits. We
see that the maximum theoretical limit is considerably above the experimental
data. This is because the maximum theoretical limit does not take into account
variations in the speckle size. In section 6.4 we will elaborate an extension of the
theoretical limit, which yields values much closer to the experimental data.

Fig. 6.3 shows that both shapes give the same trend in enhancement, suggesting
that the performance of the wavefront shaping technique is the same regardless of
the macroscopic properties of the object. This is in agreement with our hypothesis
and current theory of wavefront shaping [20, 68]. If we represent the scattering
object as a random transmission matrix, regardless of the value of each coefficient,
the efficiency of the wavefront optimization is unchanged. A possible effect that
would cause a change in the total enhancement is if the number of open channels
changes, changing the saturation point of the enhancement. Our data does not
show any sign of a change in saturation, meaning the number of open channels
is seemingly unchanged.

An alternative interpretation of these results is that the curvature is simply not
affecting the light transport inside the material or that it only affects the border
of the optimized wavefront with a curvature effect. To test this new hypothesis,
we calculate the correlation between the optimized wavefront of different mea-
surements. For each number of segments, we have a total of 6 measurements,
three from a curved sample and three from a flat sample. We take the optimized
wavefront for each measurement, and we calculate the Pearson correlation coef-
ficient between the 6 cases. We use the SciKit python library to calculate the
correlation, which is defined as [145]

CP ≡
∑

i,j(xi,j − x)(yi,j − y)√
(
∑

i,j(xi,j − x)2(yi,j − y)2
, (6.2)

with xi,j the value of segment (i, j) of the first wavefront, yi,j the value of segment
(i, j) of the second wavefront, and x, y the average segment values of the first
and second wavefront, respectively.
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Figure 6.3: Enhancement versus the number of active modulating segments. The
diameter of the illumination area is 2rb = 4.5mm. The blue circles represent the
enhancement when the sample is flat and the red squares are for the curved sample.
Each symbol is an average from three independent repetitions of the optimizations. The
dashed line is the theoretical curve after correcting for the variable speckle size, while
the solid line is the maximum theoretical curve without correction. Wavefront shaping
is as effective in optimizing the intensity of a curved sample as it is with a flat sample.
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Figure 6.4: Correlation distribution between optimized phase patterns. The blue
distribution corresponds to the correlation between patterns from different shapes, while
the orange and yellow distribution corresponds to the correlation between the same
sample’s shape (curve and flat, respectively).
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Wavefront shaping through a free-form scattering object

We separate the correlations of wavefronts into three classes: the cross-
correlations between wavefronts for a flat and a curved sample Ccross, the cor-
relation between wavefronts with flat shape Cflat, and the correlation between
wavefronts with curved shape Ccurve. For the cases where the sample’s shape is
not changed (Cflat and Ccurve), we expect the optimized wavefronts to converge
to a similar configuration, therefore, a high mutual correlation, regardless of the
hypothesis we mentioned before.

If the macroscopic shape does affect the light transport when we change the
sample’s shape, we expect the optimized wavefront to converge to a new con-
figuration, therefore Ccross to be small. On the other hand, if the macroscopic
changes do not affect the light transport, then we expect the same value of Ccross
regardless of the sample’s shape.

The probability distribution of the correlations is shown in Fig, 6.4. We see that
Ccross is centered at 0 and extends from about −0.3 to +0.3. In contrast, both
Cflat and Ccurve have higher and mostly positive correlations, between 0 and 1 and
centered near 0.5. From this difference, we conclude that the macroscopic shape
of the object affects the light transport inside it, and to control the scattered
light in a free-form shape, we need a new optimized wavefront compared to the
flat shape.

In the field of light scattering, the memory effect is a widely known prop-
erty [17, 20, 39, 41]. The memory effect shows that when the light transport
inside the scattering media is slightly changed, the speckle (and thus the opti-
mized wavefront) are correlated with the previous one. This means that the same
optimized wavefront can be used to enhance the intensity. From our observation
that curved wavefronts are nearly uncorrelated with flat wavefronts, we conclude
that the change in curvature is beyond the range of the memory effect. In pre-
vious studies, the light transport is changed by displacing the scattering media,
tilting the incident beam, or changing the wavelength of the source. We thus
believe our work is the first step towards studying the free-form memory effect,
i.e., the memory effect when changing the shape of the scattering media.

In theory, we expect the distributions of Cflat and Ccurve to be centered at 1,
while they are centered at 0.5. We attribute this to the fact that the DMD is
not evenly illuminated because the laser beam has a Gaussian profile. Thus, the
segments at the edges do not affect the optimization significantly, and hence the
weights of each (xi,j, yi,j) from Eq. 6.2 are different between one iteration and the
other, thereby decreasing the correlation.

6.4 Enhancement in presence of variable speckle
size

To estimate the maximum enhancement possible η0 in WFS, one generally in-
vokes wave-guide approximations typical of random matrix theory [31–33, 68].
We simplify the scattering medium as a set of scattering channels, and we con-
clude that the maximum enhancement is obtained when all the channels are
optimized. This is expressed as
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Figure 6.5: a) Cartoon diagram of the illumination area, defined by its radius rb.
This depends on the distance between lens L5 and the sample. The curvature of the
diagram is exaggerated for a didactic purpose. b) Diagram of the optimization area on
the camera, defined by its radius ro. This depends on the speckle size at the detector.
To maintain a standard comparison, we keep ro constant in our experiments.

η0 = π

4 (Ns − 1) + 1, (6.3)

where Ns is the total number of segments used in the modulator. This equation
is valid for phase-only modulation and does not consider the saturation point
when Ns is equal to the number of transmission channels inside the sample Nc.

To compare η0 with our experiments, we need to distinguish between the beam
radius rb and the optimization radius ro. This difference is illustrated in Fig. 6.5,
where rb is the radius of the illumination area at the sample surface that depends
on the focusing lens L5 and the position of the sample. Conversely, ro is the radius
of the area of the speckle pattern that we observe at the detector, and it is relative
to the speckle size of the speckle pattern.

Although the optimization process does not depend on rb directly, it depends
on ro. This is because to get the maximum enhancement, the optimization area
must have the same size as a single speckle ro = rs. The size of this single speckle
in the detector plane depends on the design of the experiment, particularly if we
use or not a lens at the detector. For our measurements, we use a lens-less system,
hence the size of a single speckle is equal to [146].

rs = 2.44 · λ
4rb

d, (6.4)

with λ the wavelength of the incident light and d the thickness of the sample.
We infer from Eq 6.4 that ro and rb are inversely related, which means the
optimization process depends on both parameters.
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Figure 6.6: Enhancement versus the number of active modulating segments for a) flat
shape and b) curve shape. On each plot, we show the enhancement for the maximum
(2rb = 4.5 mm, blue circles) and minimum (2rb = 3.8 mm, red squares) illumination
radius. The dashed lines show the theoretical enhancement corrected based on rb.

In Ref. [107], Ojambati and co-workers studied how the maximum enhancement
changes when changing ro, thus η′

0 = η′
0(ro). This dependency is expressed

as [107]

η′
0(ro) = K

r2
o

+ 1, (6.5)

where the correction factor K depends on the number of segments Ns and on the
speckle size. The theoretical limit η0 is reached when ro approaches the speckle
size rs(rb), limro→rs(rb) η

′
0(ro) = η0. If we take the limiting value of ro = rs(rb)

in Eq. 6.5 and we replace it with Eq. 6.4, and we take the limiting value of
η′

0(ro) = η0 and we replace it with Eq. 6.3, we obtain an extended correction
factor K(Ns, rb):

K(Ns, rb) = 2.442πλ2

43r2
b

d2(Ns − 1). (6.6)

Finally, the theoretical enhancement corrected for optimization and beam areas
is given by

η′
0(ro, rb) = 2.442πλ2

43r2
br

2
o
d2(Ns − 1) + 1. (6.7)

In Eq. 6.7 we see that the enhancement is inversely proportional to r2
b and r2

o, and
directly proportional to d2. This is in accordance with usual WFS experiments,
where one focuses the incident beam to a narrow spot and reduces the optimiza-
tion area to a single speckle while placing the detector far from the sample to
increase the size of the speckle on the detector. In our experiments ro is fixed,
and we compare the measurements while varying rb.
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6.5. Effect of sample curvature

6.5 Effect of sample curvature
We study the impact of the ratio between the beam radius rb and the radius

of curvature of the sample Rc. We vary the radius rb in a range between 1.9 mm
and 2.3 mm (hence diameters 2rb = 3.8 to 4.6 mm) by changing the position of
the focusing lens L5 (see Fig. 6.2). We measure the enhancement versus number
of segments Ns (as in Fig 6.3) for six different beam radii rb and both flat and
curved sample’s shapes.

Fig. 6.6 shows the enhancements for the lowest and highest rb for both shapes,
along with the maximum theoretical limit for each case, calculated from Eq. 6.7.
We see that the enhancement decreases when increasing the beam radius, and so
does the theoretical limit. This is in accordance with our theory (see Eq. 6.7).
When increasing rb, the speckle size is smaller. If ro is constant, there are more
speckles inside the optimization area, thus the maximum enhancement is lower.

Finally, we compare the enhancement of a curved and a flat sample for different
rb. For this comparison, we propose the following figure of merit F , defined as:

F ≡ ⟨ηc/ηf ⟩N , (6.8)

with ηc the enhancement for the curve shape, ηf the enhancement for the flat
shape, and ⟨.⟩N the geometric mean over the number of segments N . This figure
of merit is applicable regardless of the shift shown in Fig. 6.6 because we expect
this shift to occur both in the flat and the curved shape.

We show F in Fig. 6.7 for different beam radii. We see that F is constant at
about F = 1.08 and it is independent of rb.

Finally, we see that all data are larger than F = 1, showing that, on average,
we achieve a larger enhancement with a curve shape instead of a flat shape. This
challenges the current theoretical framework of wavefront shaping because no
fundamental scattering property was changed except the macroscopic sample’s
shape, yet based on this figure of merit, the enhancement difference is statistically
significant.

6.6 Conclusions
In this chapter, we studied how the intensity enhancement obtained using

wavefront shaping changes when we change the macroscopic properties of the
object. We compare the case of two macroscopic shapes, a free-form curved
sample and a flat sample with a slab shape. We used a tailored-made sample
holder to change the curvature of a flexible sample and a focusing lens with a
linear stage to change the beam radius on the sample.

We see a low correlation between the optimal wavefronts for different macro-
scopic shapes, suggesting a change in the light transport inside the scattering
media at a mesoscopic level. Meanwhile, when optimizing the intensity using the
wavefront shaping technique, we reach a similar enhancement for a curved sample
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Figure 6.7: The figure of merit versus beam diameter 2rb. The figure of merit is based
on comparing a curved sample with Rc = 20 mm and a flat sample (Rc = ∞). The
light blue line corresponds to the case when the curvature is not changed, i.e., F = 1.

as for a flat sample. This is in agreement with our hypothesis; regardless of the
changes in light transport, the number of open channels is unchanged, thus the
maximum enhancement is not affected by these changes. Our results confirm the
idea that wavefront shaping is applicable regardless of the form of the object.

We derive an extension of the theory for maximum enhancement based on the
beam radius and the optimization radius. Our experiments are in agreement
with our theoretical prediction, and our theory explains the trend for both a
curved and flat sample. Furthermore, we propose a figure of merit to compare
the enhancement between different shapes. Based on this figure of merit, we
see an increase in the total enhancement by 10% for every beam radius. This
increase is not explained using current theories, which are based on slab shapes
only.

With this chapter, we aim to encourage the community to consider free-form
objects both in experiments and theory of light scattering, as they have a larger
impact on industrial applications.
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Chapter 7
Enhanced Secrecy in
Optical Communication
using Speckle from Multiple
Scattering Layers

We study the secrecy of an optical communication system with two
scattering layers, to hide both the sender and receiver, by measuring
the correlation of the intermediate speckle generated between the two
layers. The binary message is modulated as spatially shaped wave-
fronts, and the high number of transmission modes of the scattering
layers allows for many uncorrelated incident wavefronts to send the
same message, making it difficult for an attacker to intercept or decode
the message and thus increasing secrecy. We collect 50,000 interme-
diate speckle patterns and analyze their correlation distribution using
Kolmogorov-Smirnov (K-S) test. We search for further correlations
using the K-Means and Hierarchical unsupervised classification algo-
rithms. We find no correlation between the intermediate speckle and
the message, suggesting a person-in-the-middle attack is not possible.
This method is compatible with any digital encryption method and is
applicable for codifications in optical wireless communication (OWC).

Parts of this chapter have been published in A. Rates, J. Vrehen, B. Mulder, W. L. Ijzerman,
and W. L. Vos, Optics Express 31, 23897-23909 (2023) [147].
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Multiple Scattering Layers

7.1 Introduction
Scattering of light occurs in any 3D complex opaque material such as paint,

foam, or biological tissue, independent of its shape: whether slab, fiber, or free-
form [20, 53, 73, 128]. When light travels through a complex material, it takes
many different paths or channels inside the medium, whereby the light performs
a random walk with a typical step size called the mean free path [20]. Along these
contorted paths, the light waves pick up a random distribution of phase changes.
Therefore, it is intuitively reasonable that a random interference pattern appears
in a target plane, called a speckle pattern, that consists of a random arrangement
of bright and dark areas. While a random speckle interference also arises due to
scattering from a rough surface [148], the speckle due to light scattering in a 3D
complex material has several additional physical properties, notably, a number
of intricate correlation functions, see Refs. [20, 128]. Since the arrangement of
speckle spots in an observation plane is exceedingly difficult to predict due to the
huge number of degrees of freedom in a complex material, the complex light scat-
tering in such materials offers an attractive opportunity to encode information;
indeed, complex materials play a central role in optical physically unclonable
functions (PUF) and are employed in optical cryptography [149–153].

Although a speckle pattern is random, the intensities of many single speckle
spots have a well-defined exponential distribution, also known as the Rayleigh
distribution, that is characterized by the average intensity. The transport of
scattered light through a complex material is successfully described by random
matrix theory from mesoscopic physics, which invokes a large transmission matrix
with many complex-valued elements [28, 29, 67, 94], illustrated in Fig. 7.1a).
Knowledge of the transmission matrix has been successfully extracted and even
applied to imaging and transmitting encoded data [66, 67].

Statistics of the transmission matrix reveal the existence of “closed channels”,
with zero transmission, and “open channels”, with almost perfect transmis-
sion [34–37]. So even a thick complex scattering medium is effectively trans-
parent thanks to these states [44]. Modulation techniques such as wavefront
shaping (WFS) and mutual scattering profit from the high-transmission states
to control the transmission through the scattering medium, thereby modulating
the intensity distribution of speckle spots [43, 44, 69, 70]. This can be used, no-
tably, to concentrate the intensity at a specific focal point, transmit information,
or change the overall transparency of the scattering medium.

When the properties of the incident light are changed (e.g., positioned, tilted,
shaped, or frequency shifted), the light is scrambled in a different way resulting
in a new speckle pattern in the observation plane. When the range of pertur-
bations of the incident light is moderate, known as the memory range, the new
speckle pattern has remarkable non-zero correlations with the original speckle
pattern [39]. This effect is typically characterized by intensity-intensity correla-
tions between pairs of different positions in one observation plane, known as C1
correlations [20, 38]. Such speckle and intensity correlations find many applica-
tions, ranging from imaging through an opaque screen [110, 154] to transmitting
images and information through opaque media [155].
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a)

b)

Figure 7.1: Schematic of the light scattering systems studied here. (a) A single incident
light beam is sent through N = 1 scattering slab, yielding a complex speckle pattern as
output. The speckle pattern transmitted through the slab is described by a transmission
matrix Z. (b) A single incident light beam is sent through N = 2 scattering slabs. The
speckle pattern emanating from the first slab is the intermediate pattern (described by
transmission matrix X) that is sent onto the second slab (with transmission matrix Y ).
The final output is a new speckle pattern described by a transmission matrix Z′ with
Z′ = X × Y .
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In this chapter, we study speckle correlations in a different setting, where we
use two layers of scattering media and observe the intermediate speckle pattern in
between the scattering layers. Instead of measuring changes of a speckle pattern
in a target plane — as is described above — we collect two speckle patterns in two
different observation planes, namely one in between the two scattering layers and
the other after passing through both scattering layers, illustrated in Fig. 7.1b).
For applications to optical wireless communication, we study if a binary message
sent through these scattering layers can be extracted or not by only observing
the intermediate speckle pattern. The presence of the first scattering layer is
essential to spatially scrambling the incident wavefront, effectively “hiding” the
sending modulator for direct inspection and subsequent decoding. The question
we address in this work is whether different incident wavefronts are correlated
with each other, knowing the message they result in. In other words, if the two
transmitted wavefronts correlate, does that mean the two intermediate wavefronts
are also correlated?

We synthesize NW = 50, 000 different incident wavefronts and collect the re-
sulting intermediate and final speckle patterns. The message is encoded as an
intensity distribution in the final speckle pattern, where each speckle pattern is
assigned to either a binary 0 or a binary 1. Thus, we have thousands of available
wavefronts to send the same value. We measure the correlation between interme-
diate speckle patterns, to study if the intermediate speckle patterns resulting in
the same message encoded in the final speckle pattern are somehow correlated.

7.2 Working principle and experimental meth-
ods

In light scattering theory, and in general in mesoscopic physics, a single thick
slab of scattering material with thickness L is equivalent to N thin slabs with av-
erage thickness (L/N) since the total thickness is the same: N(L/N) = L. Here,
we study N = 2 as illustrated in Fig. 7.1. A scattering material is represented
as a random transmission matrix that couples the modes of the incident light to
the ones of the outgoing light, and the random components of the transmission
matrix represent the scattering events inside the material [20, 28, 30]. Studying
N = 2 scattering slabs is represented as the multiplication of two of these random
matrices, which because it is a linear system, results in yet another random trans-
mission matrix. The reasoning above implies that techniques such as wavefront
shaping or mutual scattering are also relevant and valid when multiple slabs are
used, independent of the distance between the slabs. Here, we study if there are
correlations between the intermediate speckle pattern that we observe between
the two scattering slabs on the one hand and the output speckle pattern on the
other hand.

To study the speckle correlation, we used the experimental setup shown in
Fig. 7.2. The initial light source is a frequency-doubled continuous wave green
(λ = 532 nm) Nd:YAG3+ laser (Coherent Compass 315M-100, 100mW). The
signal is encoded as a phase-modulated wavefront using a digital micromirror
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Figure 7.2: Diagram of the experimental setup. The incident wavefront is spatially
phase-modulated using a digital micromirror device (DMD, not shown) [156]. The
diffusers d1 and d2 are scattering materials forming speckle patterns. Camera CCD1
records the final speckle pattern after both d1 and d2 and CCD2 records the intermediate
pattern after d1 only. (L: Lens, BS: Beamsplitter).

device (DMD, Vialux VX4100), in the same way as usually done in Wavefront
Shaping experiments [156]. The DMD applies a binary, ON-OFF modulation
to the wavefront, which we transform into a phase modulation using the Lee
Holography technique [79]. Using phase modulation rather than amplitude-only
modulation we achieve greater control over the scattering events. [79, 80] The
modulated wavefront is focused into a diffuser (Ground Glass Diffuser 220 Grit,
Thorlabs) using lens L1 (f = 75 mm), and collimated using a microscope ob-
jective (NA=0.3, Nedoptifia Zeist). This diffuser has a large diffusing pattern
and high transmission, and it is commonly used in scattering experiments [154,
157]. To measure the light speckle between the diffusers, a beamsplitter is used
to pick up half of the signal, which is collected by a charge-coupled device (CCD)
camera (Guppy F-146B), to detect the intermediate speckle pattern. The other
half is focused on a second diffuser similar to the first one using lens L3 (f = 50
mm), and collected by a second CCD camera (Stingray F-125), which we call the
receiver. The CCD camera is placed in the far field, at a distance of 30 mm from
the second diffuser.

Light coherence is a key factor in our experiment. We need spatial coherence
in order to obtain and measure the speckle pattern. In our experiment, we use a
well-defined laser beam as a source, meaning we have a high temporal and spatial
coherence. The laser Coherent Compass 315M-100 is estimated to have a line
width of around 10MHz, and a coherent length on the order of tens of meters [158],
by far sufficient for our purposes. Our experiment has a path length on the order
of one meter, thus ensuring the wavefront is spatially coherent.
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a)

b)
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Figure 7.3: Examples of observed speckle patterns. (a-c) Speckle patterns selected as
state 0. (d-f) Speckle patterns selected as state 1. The colored circles in each panel
show the region of interest (ROI) of spot A (purple) and spot B (green). (g) Average
intensity of spot A and spot B normalized by the average intensity of the background
for each speckle pattern selected as state 0 or state 1.

7.3 System characterization
The goal of our experiment is to send a signal through the two scattering slabs

and study if there is any correlation between the intermediate speckle pattern
and the resulting pattern. As a starting point, we aim to obtain a binary signal,
i.e., only two levels: state 0 and state 1. Obviously, the modulated incident
wavefront has many more degrees of freedom than these two states. For this
reason, there exist multiple incident wavefronts, and thus multiple intermediate
speckle patterns, that can result in the same signal. We use this property to see
if different intermediate speckle patterns need to have some degree of correlation
in order to result in the same final state.

To be robust against environmental noise and to have a large dynamic range,
we consider in the receiver plane only two regions of interest (ROI), called spot A
and spot B, as shown in Fig. 7.3. From the intensity distribution of the speckle
at the receiver, we estimate this area to be ×15 larger than the size of a single
speckle. Only when the local average intensity of spot A is high and the local
intensity of spot B is low, a state 0 is received. Conversely, if the local intensity
of spot A is low and the local intensity of spot B is high, state 1 is received, see
Fig. 7.3g).

To select the speckle patterns corresponding to state 0 or state 1, we send a
total of NW = 50, 000 randomized wavefronts. For each wavefront, the speckle
pattern at CCD2 is collected along with the intensities at spot A and spot B.
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Table 7.1: Example of pairs of intermediate speckle patterns used to calculate the
Pearson correlation distribution for each relevant case. The left column indicates the
case, while the right column shows each pair used for that case. The letters between
parentheses refer to the sub-figure indexes of the speckle patterns shown in Fig. 7.3.

Case Pairs of speckle patterns
0-0 correlation (a,b), (a,c), (b,c)
1-1 correlation (d,e), (d,f), (e,f)

0-1 correlation
(a,d), (a,e), (a,f),
(b,d), (b,e), (b,f),
(c,d), (c,e), (c,f)

From the definition of each state, we define arbitrary intensity thresholds based
on the joint intensity distribution of spot A and spot B, shown in Fig. 7.4, where
the thresholds are marked with dashed lines. For both spot A and spot B, we set
the thresholds at 20% and 80%. This means that a speckle pattern is classified as
state 0 only if the intensity at spot A is higher than 80% of the distribution, and
the intensity at spot B is lower than 20% of the distribution. The classification
of wavefronts as state 1 follows the same principle.

The red and yellow regions in Fig. 7.4 highlight which speckle patterns are
accepted as state 0 or state 1, respectively. With the given thresholds, there is a
total of NW,0 = 1839 available wavefronts (3.7% of the total) to get a state 0, and
NW,1 = 1774 (3.5% of the total) to get a state 1. We modulate the wavefront
using a grid of 15 × 15 segments, controlling the phase of each segment. In
our current realization, we modulate the phase from 0 to 2π in 16 steps. That
means that the maximum number of different wavefronts that we generate is
equal to N ′

W = 16225, which is on the order of O(10307). The large complexity
of the scattering material is such, that small changes in the phase of a single
segment at the modulator produce large changes in the intensity distribution at
the receiver. This means that the number of available wavefronts can be made
arbitrarily large, at the expense of longer measurements and digital memory.

7.4 Correlation distribution of intermediate
speckles

Every wavefront used to send a message also generates an intermediate speckle
pattern between the slabs. When sending two messages separately, we generate
two intermediate speckles and we calculate the correlation between these two
intermediate speckles. We are interested in comparing three cases: the correla-
tion between two speckle patterns from state 0 (0-0 correlation), the correlation
between two speckle patterns from state 1 (1-1 correlation), and the correlation
between a speckle pattern from state 0 and another from state 1 (0-1 correlation).

We illustrate the combinations of speckles in Table 7.1 using the panel’s indexes
of Fig. 7.3. To characterize the correlations between speckle patterns, we use the
Pearson correlation coefficient CP from the Python library SciKit [145], calculated
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Figure 7.4: Joint distribution of average intensities at spot A and at spot B at the
receiver for different incident wavefronts (green symbols). The horizontal and vertical
dashed lines are the intensity thresholds that define the states 0 or 1. Here, the red
region indicates the accepted state 0 with high intensity in spot A and low intensity in
spot B. The yellow region indicates the accepted state 1 with low intensity in spot A
and high intensity in spot B.
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Table 7.2: K-S statistic between the different correlation distributions. Each K-S
statistic is calculated between Dataset 1 and Dataset 2. The p-value for every case is
on the order of 10−15.

Dataset 1 Dataset 2 K-S statistic p-value
0-0 correlation 1-1 correlation 0.03 0.00
0-1 correlation 0-0 correlation 0.03 0.00
1-1 correlation 0-1 correlation 0.02 0.00

as follows:

CP :=
∑

i,j(xi,j − x)(yi,j − y)√
(
∑

i,j(xi,j − x)2(yi,j − y)2
, (7.1)

with xi,j the value of pixel (i, j) of the first speckle image, yi,j the value of the
pixel (i, j) of the second speckle, and x, y the average pixel values of the first and
second speckle, respectively.

We calculate the correlation CP between two intermediate speckles sint, e.g.,
CP(sint,1, sint,2). Whether a message is classified as a state 0 or a state 1 does
not depend on the intermediate speckle sint but on the final speckle sf . The final
speckle is expressed as sf = Y sint, with the transmission matrix of the second
slab as Y (see Fig. 7.1). We thus choose states 0 and 1 as the set of final speckles
sf that have a high correlation with the target patterns s⋆

0 and s⋆
1, respectively.

Following what we showed in section 7.3, the target pattern s⋆
0 has a high intensity

in spot A, zero intensity in spot B, and average intensity elsewhere. Conversely
for s⋆

1. Thus, an intermediate speckle results in a state 0 if CP(Y sint, s
⋆
0) ≈ 1,

and in a state 1 if CP(Y sint, s
⋆
1) ≈ 1.

When measuring the correlations for the cases 0-0, 1-1, and 0-1, we investigate
if the intermediate speckle patterns correlate, given that their resulting speckle
correlate. If any correlation is needed to result in the same state, we expect the
correlation between two patterns from the same group to be larger than between
two patterns from different groups, e.g., we expect the 0-0 and 1-1 correlations
to be larger than the 0-1 correlation. For perspective, previous studies of speckle
correlation, such as the memory effect, focus on the autocorrelation of the result-
ing speckle CP(sf,1, sf,2) or in the correlation between the incoming and outgoing
pattern CP(sint,1, sf,1).

When we calculate CP between all NW available intermediate speckles, i.e.,
CP between individual pairs of speckles with all the combinations possible, we
get a distribution of CP. In Fig. 7.5 we show the correlation distribution for the
three cases previously described, 0-0, 1-1, and 0-1. We see that, qualitatively,
the distributions are very similar, with the same peak position.

To compare these distributions quantitatively, we used the two-sample Kol-
mogorov–Smirnov (K-S) test [159]. This test compares the empirical distribu-
tion of two sets of observations. When the two observations are from the same
distribution, the K-S statistic tends to zero. The results of this test are shown in
Table 7.2. We see that the K-S statistic is close to zero and that the p-value is
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lower than 5% (O(10−15)), this tells us that the correlation distributions of the
three groups are indistinguishable.

We see that the correlation distributions are not centered around zero. When
we claim there is no clear correlation between speckles from the same group, it
is because this correlation is the same as the correlation between speckles from
different groups. However, the fact that the correlation is not zero leads to the
question if there is any underlying relation between speckle patterns that the
Pearson correlation coefficient does not have access to. To test this further, we
used unsupervised classification algorithms.

7.5 Unsupervised classification of intermediate
speckles

For our analysis of the intermediate speckle correlations, we use two different
classification algorithms: the K-means algorithm and the Hierarchical clustering
algorithm. We choose these two algorithms based on our familiarity with them,
their required input data, and the ability to visually illustrate their classification
process, so that we can have a better understanding of the results. We use
the open-access Scikit-learn Python library to implement both algorithms. The
procedure for classification is the following: first, to reduce the computational
time we reduce the resolution of the picture by averaging the 5×5 adjacent pixels.
This is much smaller than the speckle size, thus no information is lost. Then, we
transform the representation of the data: we consider each pixel as a different
dimension and the intensity of this pixel as the position of the realization in that
dimension. This forms a new high-dimensional space, called the feature space.
Due to the resolution of our camera (1280 × 960) and the reduced resolution, the
feature space has almost 50, 000 dimensions, where each point is a realization (or
speckle).

To reduce even further the dimensionality of the problem and thus make the
problem addressable for a personal computer, we use the principal components
analysis (PCA) and only consider the first 100 principal components, explaining
> 90% of the variance of the data. This new data representation is finally used for
the classification algorithm, where each principal component is now a dimension
of the feature space, and its value corresponds to the position of that dimension.
Now, the feature space has Nd = 100 dimensions.

For both algorithms, we use two different classes, intending to separate state
0 and state 1. For the K-Means algorithm, we use 100 initializations and a
maximum of 30, 000 iterations. For the Hierarchical clustering algorithm, the
agglomerate strategy is used. For the sake of generality, the classification is also
run without reducing dimensionality, i.e., without using PCA. For these cases,
the image was reduced by averaging the 10 × 10 adjacent pixels, considering the
data memory compared with the previous cases.

We show the results of the classification in Table 7.3. In total, four classification
methods are used, two different algorithms, and two different data representa-
tions.
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a)

b)

c)

Figure 7.5: Probability density histograms of speckle cross-correlation between differ-
ent signals: a) between all pairs of speckle patterns belonging to state 0, b) between
all pairs of speckle patterns belonging to state 1, and c) between speckle patterns from
state 0 and speckle patterns from state 1. The vertical dashed red lines indicate the
peaks of the distributions.
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Table 7.3: Balanced classification accuracy of the unsupervised methods under study.
Method Average (%) STD (%) 0’s predicted (%)
K-Means 51 4.07 50
Hierarchical 49 7.58 50
K-means no PCA 49 2.52 50
Hierarchical no PCA 50 0.00 100

To get statistical information from the classification, each method is repeated
5 times with sub-groups of half of the data. Furthermore, for each sub-group,
we repeat 5 more times to average over the initial random guess of the algo-
rithms. Note that we select an equal number of speckle patterns from both
groups, NW,0 = NW,1 = 1774, so the data is evenly distributed between the two
groups. Table 7.3 presents the balanced accuracy of the classification algorithms.
The balanced accuracy is an average between the true positive rate (TPR) and
true negative rate (TNR), which is the rate of predicted versus the total amount
of positives and negatives, respectively [160]. In our case, positive and negative
represent a binary 0 and a binary 1. We see that the balanced accuracy of all the
methods we used is around 50%. As this is a binary classification and only two
options are possible, a random classifier yields on average the same accuracy of
50%. This shows that the classification is as effective as tossing a coin, thus we
obtain no new information from it. Furthermore, the right column of Table 7.3
shows the percentage of 0’s predicted by the clustering. For the last method,
all the data points were classified as 0, which also yields 50% accuracy. All the
other methods separate the data exactly in half for every sub-group and every
repetition.

We thus find that there are no trivial correlations between intermediate speckle
patterns, regardless of their corresponding encoded message. Furthermore, the
different unsupervised classification algorithms are not able to find any correla-
tion or separation between the patterns. This means that when measuring two
intermediate speckle patterns, is not possible to know for certain if they are en-
coding the same message or not in the final speckle pattern. We believe that this
knowledge is relevant for applications, particularly in the field of optical wireless
communication (OWC), to make communication more secure. Therefore, in the
following section, we described a possible implementation of a communication
link based on these findings.

7.6 Proposed communication scheme
Based on the described scenario, we propose a new communication scheme

based on two layers of physical unclonable functions (PUFs). This scheme is
depicted in Fig. 7.6, which is inspired by the experimental setup shown in Fig. 7.2.
Alice sends a message to Bob through free space using visible or infrared coherent
light. The initial digital message is encoded as a phase-modulated wavefront that
is encrypted by the first PUF. When arriving at the destination, the signal passes
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through a second PUF, and the message is recovered as light intensity by Bob. If
an attacker, depicted in Figure 7.6 as Eve, intercepts the signal, the message will
not be recovered as the second PUF is not known. Similarly, if Eve tries to send
a false message to Bob, this will not be considered as it does not pass through
the first PUF.

The secrecy of the proposed system relies on the lack of correlation between
speckle patterns, as demonstrated before. If for every binary message, the sender
randomly selects one wavefront from a large library with many options, the at-
tacker is not able to separate which speckle patterns are related to a state 0 and
which ones are to a state 1. The proposed system is also resilient for an attacker
to send false messages or store the message for future decryption. This is thanks
to the first PUF, which scrambles the incoming wavefront. If the first PUF is not
present, the attacker has access to the incident wavefront and they can measure,
store, and replicate it. This is not challenging because the spatial complexity
of the incident wavefront is limited by the spatial resolution of the modulator.
Inversely, if the first scattering layer is present, the attacker only has access to the
intermediate speckle, which has a much larger spatial complexity and it is highly
challenging to record with all its properties and fluctuations [149]. Furthermore,
if the attacker wants to send a false message, they will need a modulator device
or optical system able to replicate the intermediate speckle pattern with high
resolution in order to result in the proper final speckle pattern.

If the digital codification of the message forces Alice to repeat a specific bit
on a predictable basis, e.g., for identification, Eve can record the speckle of these
bits to identify each binary 0 and binary 1. In this case, the number of messages
Eve needs to record to obtain all speckles grows as O(NWlog(NW)) [161]. An
implementation without this identification is possible by changing the digital
codification to avoid any predictable bit. Even more, based on the complexity of
the scattering material and the degrees of freedom at the wavefront modulation,
the number of available wavefronts can be made arbitrarily large, increasing the
number of messages needed. This also limits Eve to send a false message to Bob.

Many alternatives have been studied to break the secrecy of PUFs employ
Machine Learning (ML) techniques, which have proved to be powerful tools for
these attacks [162, 163], at a large expense of time and digital memory from the
side of the attacker. In most of these studies, however, they needed to obtain
a Challenge-Response Pair (CRP) set for training a supervised algorithm. To
do so, it is assumed that Eve can send a challenge to the PUF and read the
response. In our case, the CRP corresponds to the system characterization shown
in Section 7.3. We obtain all the CRP sets offline and prior to the communication
link, as it is end-to-end encryption. Obtaining a CRP set means that Eve has a
subset of speckle patterns at CCD2 with their respective classification at CCD1.
In our system, an attacker does not have access to the space between the second
PUF and CCD1, and gaining access for an invasive measurement poses a threat
larger than eavesdropping, thus we disregard such attacks in this study. If Eve
does not have a CRP set, there are no training data for a supervised algorithm.
Therefore, we do not consider the use of supervised classification methods to be
a realistic scenario.
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Channel

Bob

Eve

PUF PUF

Figure 7.6: Scheme of the communication link. Alice sends a message to Bob through
the channel (free-space), which is encrypted using two Physical Unclonable Functions
(PUF).

Nevertheless, an attacker may try to classify the speckle patterns using unsu-
pervised algorithms. The results from Section 7.5 show that none of the tested
unsupervised methods are significantly better than a random classification, which
suggests that the data are not classifiable given the intensity speckle pattern ob-
tained from the channel. Hence, the communication is secure against an attacker
in free-space.

7.7 Applications and limitations
We initially envision our scheme in an indoor communication scenario as a one-

way communication. A central device would include the modulator device with
the first PUF layer, and the receiving device would have a pair of photodiodes
representing the regions of interest ROI A and ROI B, with its own integrated
PUF. In this system, the central device can send many messages to different
devices using different wavefronts, while the receiver is an inexpensive and fast
device. The calibration can be done for specific positions of the receiver, e.g.,
cubicles in an open office. If the layout is not changed, the calibration only needs
to occur once per device. We believe our method opens many possibilities to
both test the applicability of the scheme, and study the scattering properties of
complex media.

Several questions and limitations arise from our system, which need to be
addressed to scale up this scheme. One limitation of our scheme is the bit rate.
If only two ROIs are considered, the receiver can consist of two fast photodiodes,
thus not limiting the speed. The bottleneck arises from the refresh rate of the
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DMD, which for our DMD model is around 20 kHz. This limitation can be
remedied by sending multiple bits in one wavefront (e.g., sending 50,000 bits per
image results in 1Gbit/s). In this scenario, the camera at the receiver is needed,
which will limit the speed as well. Another solution for higher speed is using
another faster modulation technique, like Free-Space Electro-Optic Modulators,
which can get up to 100 MHz [164].

Another limitation of our system is the source. The need to have a coherent
light source hinders us from extending our technique to applications such as light
fidelity (Li-Fi). This restriction is present in any technology that wants to take
advantage of luminaries already installed. Nevertheless, it has been demonstrated
that modulation techniques such as WFS are applicable to LED sources [165].
Extending our method to LED sources would simplify the architecture. Further-
more, it was recently demonstrated that is possible to use a random material as
a PUF having a screen projector as a source [166], which is a commercial combi-
nation between an ultra-high-performance (UHP) lamp, which is incoherent, and
a DMD.

Since our system is based on light scattering, it may be highly sensitive to noise,
misalignment, or additional scattering events. This sensitivity depends on the
power of the signal, the distance, and the dynamics of the medium. Importantly,
we use a diffuser with around 80% of transmission and a collimating lens, so
the use of PUFs does not drastically increase the losses of the system. This
suggests that the restrictions on noise and power are similar to any OWC scheme.
Furthermore, if the PUF is static and reliable, the dynamics of the medium may
fall under the memory effect of the system. It remains to be tested to what extent
these factors limit the applicability of the scheme.

In case the medium changes significantly or we want to extend this to moving
users, the calibration needs to be done online. One way of implementing this is
adding a secondary classical channel where the users can share the CRP. More
studies are needed to test the secrecy of such implementation.

Finally, the main advantage of our system is that the secrecy is imposed by the
number of measurements needed from an attacker to learn the message. This is
more restrictive than only computational power, as traditional digital encryption.
While the results presented in this manuscript indicate no correlation between
the signal retrieved by the attacker and the final message, it is important to
acknowledge that it is impossible to account for all possible scenarios that could
potentially benefit the attacker.

For future tests, we conceive that an attacker may benefit from other detec-
tion configurations that may give more information. We think of at least three
possible extensions to the proposed detection configuration: (a) measure the
complex information of the speckle (both amplitude and phase), (b) measure in
the conjugated plane of the sample, and (c) measure the reflective speckle from
the receiver PUF. The reflective speckle pattern is particularly relevant, as it
has been successfully used in imaging through scattering media [65, 167, 168].
It has been proven that the reflective speckle pattern has a certain correlation
with the transmitted speckle pattern [169], similar to the correlations between
the incident and transmitted wavefront mentioned before and may prove useful
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to decipher the message in our communication scheme. Because we calibrate the
system beforehand, if the commented configurations give useful information to
the attacker (e.g., the reflection-transmission correlations), we believe it is pos-
sible to account for it beforehand by filtering further which available wavefronts
are available to send the message. Furthermore, from the practical point of view,
one attractive part of the present scheme is that the detection of the message by
the receiver can be done easily, fast, and cheaply. This is because the receiver
only needs two photodiodes to measure the average intensity. In turn, the com-
mented possible configurations impose high technical difficulties. Further studies
are needed to evaluate how obtaining this new information may affect the secrecy
of the scheme.

7.8 Conclusion
In this chapter, we have studied the correlation between speckle patterns when

passing through multiple slabs of scattering media. We spatially modulate the
phase of the incoming light and we send a signal through two diffusers, measuring
the resulting speckle pattern both between and after the two diffusers. The signal
is encoded as changes in light intensity at two regions of interest (ROI) at the
receiver, where multiple modulated incoming wavefronts may result in the same
message. We have studied the correlation between speckle patterns when send-
ing different messages. Therefore, we use the Pearson correlation coefficient and
two unsupervised classification algorithms. In all cases, we observe that there is
no correlation between the intermediate speckle pattern and the resulting pat-
tern (or message). This method is attractive for optical wireless communication
(OWC) schemes, particularly in line-of-sight communication and wireless indoor
communication.

The experimental data from our experiments are available in the Zenodo
base [170].
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Chapter 8
Summary and Outlook

8.1 Summary
In this thesis, we study various wavefront modulations of light for various

scientific and applied purposes and scenarios. In summary, the thesis can be
distinguished into three projects, where we apply wavefront modulation to 1)
study mutual scattering in depth, 2) test the performance of the wavefront shap-
ing technique (WFS), and 3) study speckle correlation for applications in visible
light communication (VLC). Modulating the wavefront of light incoming into a
complex media is a powerful tool for understanding and controlling light prop-
agation within the media. This technique applies to highly random materials,
such as paper, clouds, or biological tissue. Moreover, it is also applicable to
structured materials, such as photonic crystals or integrated circuits. Several
techniques and active devices can be utilized to modulate the wavefront, such
as spatial light modulators (SLM), digital micromirror devices (DMD), meta-
materials, deformable mirrors, electro-optic modulators, and many more.

The main project of this thesis is dedicated to mutual scattering, which is
covered in Chapters 2 to 5. This thesis presents the first experimental observation
of mutual scattering and its first application in light scattering characterization
of complex media. Mutual scattering occurs when two or more incoming beams
cross in a finite object, and it is the cross-interference between the coherent
incident wave of one beam and the scattered wave generated by the other beam.
In our experiments, we modulate the incoming beams to change their relative
angle and phase, thereby controlling and characterizing the scattering properties
of the object.

Besides measuring mutual scattering, we apply WFS in free-form objects
(Chapter 6). In this project, we intend to defy the standard approach to light
scattering in complex media, where the geometry of the object under study is con-
sidered a slab. Surprisingly, although WFS is assumed to apply to any scattering
media, other geometries have yet to be explored. In this project, we demonstrate
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that WFS is equally effective in a free-form sample as in a slab geometry, thus
confirming our hypothesis.

Last but not least, we explore wavefront modulation in a VLC system (Chap-
ter 7), utilizing the properties of complex scattering media for encryption pur-
poses. To achieve this, we employ a scattering layer as a physical unclonable
function (PUF), which serves as an additional security layer in the system. We
expand on previously studied situations by incorporating two scattering layers,
one at the emitter and the other at the receiver. This approach aims to prevent
a person-in-the-middle attack, where an attacker intercepts the communication
between the emitter and the receiver. The scattering layer at the emitter stops
the attacker from exactly copying the source message, and the scattering layer
at the receiver stops the attacker from understanding the message and avoids
jamming attacks. Moreover, the complexity of the system allows for thousands
of available wavefronts to send the same message. The emitter can alternate be-
tween the available wavefronts without any added expense, making it exceedingly
difficult for an attacker to decipher the message.

The experimental results of wavefront modulation presented throughout this
thesis may be further extended and improved. In the next section, we outline a
few possible directions for further research.

8.2 Next steps in mutual scattering experiments
8.2.1 Sample fabrication & phase calibration

Mutual scattering is a recent discovery, and its theory is still developing. Its
potential impact on the field remains unknown. There is much room for im-
provement in the current experiments on mutual scattering and many exciting
new experiments to explore.

As discussed in Chapter 2, one limitation of current experiments is the phase
ϕ calibration for different angles γ. Changing the angle γ induces a change in
the path length and, consequently, an extra phase change. We presented a pre-
liminary model for the induced phase change in Chapter 2. This model depends
on several known parameters, such as the thickness and refractive index of the
protective layer of the camera and the refractive index of the PDMS where the
samples are located. However, it also depends on several unknown parameters,
such as the tilt of the camera, the tilt and thickness of the PDMS, and any aber-
ration induced by the DMD. An in-depth study of phase calibration is necessary
to fully understand the causes and solutions of the phase changes.

The sample fabrication process must also be improved to better understand
mutual scattering. Currently, the dimension of the samples is within a range
too small to see comfortably with the naked eye but too large to fabricate using
standard nano-fabrication techniques. Due to a lack of expertise, the fabrication
of the sample is currently not reproducible, and parameters such as the thickness
of the PDMS or the orientation of the sample within the PDMS are unknown.
Switching to a reproducible and reliable procedure, such as mechanized fabrica-
tion methods, is crucial for future experiments. Understanding the characteristics

120



8.2. Next steps in mutual scattering experiments

of a test sample, such as a dielectric sphere, including the surrounding medium,
is essential for accurately comparing theory and experiments and distinguishing
between noise and speckle.

8.2.2 Limits of diffraction approximation

In Chapter 3, we deliberately avoided mentioning diffraction theory and mak-
ing a comparison between diffraction and mutual scattering. This decision was
based on our belief that the fundamental differences between diffraction and
mutual scattering are mistakenly disregarded when the reader realizes that the
angular dependency of mutual scattering is explained relatively accurately by
diffraction theory. However, it is essential to note that in diffraction theory, we
assume a perfectly absorbing, infinitely extended thin screen [54, 97]. Moreover,
to calculate the diffraction pattern of a finite object, we use the Babinet princi-
ple [85, 171], which uses a rather heuristic factor, called obliquity factor [172].

After further developments in the theory of mutual scattering, we concluded
that everything boils down to the scattering amplitude f of the sample [134].
For example, a beamsplitter has a distinct scattering amplitude composed only
of delta functions in the forward and reflected directions. If the sample satisfies
the assumptions of diffraction theory, then the scattering amplitude can be de-
scribed with diffraction theory. However, as the assumptions of diffraction are
unphysical, deviations from theory are expected. The same is valid for Mie scat-
tering calculations; if the sample satisfies the assumptions of Mie scattering, then
the scattering amplitude is described by Mie calculations.

An interesting experiment to compare diffraction and mutual scattering is to
test the limits of the assumptions of diffraction, i.e., measure mutual scattering
while changing either the sample thickness L or the absorption mean free path
la. Ideally, when (L, la) → 0, the mutual scattering measurements are fully
described by diffraction, and by increasing L or la, the experimental result starts
to deviate from diffraction theory. To achieve this experimentally, a tunable laser
can be used. We need a sample for which, for a certain range of wavelengths,
la is highly dependent on the wavelength λ, so la changes without significantly
changing the ratio L : λ. At the same time, we need another wavelength range
where la is weakly dependent on the wavelength λ, so the ratio (L/λ) changes
without changing la.

A possible implementation is to use our readily available tunable laser MBR-
110, a Ti:Sapphire laser with a tunable wavelength from 780nm (1.66 eV) to
870nm (1.49eV), which is available at the COPS labs. To fabricate the sam-
ple, a bar of AlGaAs is a promising candidate. GaAs has a wavelength range
where la has a high dependence on λ [173]. By engineering the proportion be-
tween AlAs and GaAs, an AlGaAs alloy may have the desired dependency in the
corresponding wavelength range.
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8.2.3 Fluorescence modulation

Modulating the light extinction of an object means controlling both light scat-
tering and absorption. Because previous techniques rely mainly on controlling
light scattering, controlling light absorption is a promising application of the mu-
tual scattering effect. However, many unanswered questions remain about the
process, such as how deep inside the object we can effectively control absorption.

A follow-up experiment to those presented in this thesis is to measure the
mutual scattering of a fluorescent object. The emitted fluorescence of the object
is dependent on the amount of light it absorbs, so by measuring the fluorescence,
we can observe the modulation of light absorption. Additionally, various samples
can be designed, such as fluorescent particles with different emitting wavelengths
throughout the sample, to investigate the depth of absorption modulation.

8.2.4 Relevance of mutual scattering to CMOS industry

In Chapter 3, we mentioned that the angular dependency of mutual scattering
gives information about the width and shape of the sample. Truong et al. [71]
showed how mutual scattering is capable of sensing the position of a single scat-
terer inside an object filled with identical scatterers. Thus, mutual scattering
promises to be a powerful tool to detect the shape and position of nano-objects,
even when the nano-object is surrounded by other objects made of the same
material, which is usually the case in silicon nano-fabrication.

Because of the high refractive index of silicon of n > 3.5 and the ever-decreasing
size of nano-fabrication structures of the order of nanometers, we may consider a
nano-object as a single scatterer. The procedure of Ref. [71] allows us to detect
with high sensitivity the change in position of a single nanostructure, while the
procedure of Chapter 3 allows us to detect the width of the nanostructure.

8.3 Measuring the free-form memory effect
In Chapter 6, we presented a comparison of the performance of wavefront

shaping (WFS) on a flat and a curved sample. We believe these results contribute
towards observing what we call the free-form memory effect.

Light scattering materials are highly complicated, and the interferences that
give rise to the speckle pattern are due to a high number of degrees of freedom
present in the sample. It is reasonable to assume that a slight change in the
sample will lead to an entirely different speckle pattern. However, multiple stud-
ies [39, 40] have observed that a correlation in the speckle pattern persists even
when specific properties are slightly changed. This phenomenon is known as the
memory effect and has been investigated by altering the incident beam’s angle,
position on the sample, and wavelength [17, 20, 41, 42].

Following the results presented in Chapter 6, we are interested in studying how
the enhancement of WFS and the speckle correlation change when the shape of
the sample is continuously changed. We expect the speckle pattern to preserve
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Figure 8.1: Simple sketch for automated sample holder. A stepper motor with two
arms is attached to the side of the holder to open and close with moves similar to the
ones of a scissor.

some correlation for slight changes in shape, similar to the memory effect when
changing other properties. Thus, we call this the free-form memory effect.

We need an automated sample holder capable of continuously curving the sam-
ple to achieve this goal. A possible design for the holder is shown in Fig. 8.1.
We can measure the speckle pattern and perform wavefront shaping experiments
with the same samples and experimental setup as in our previous experiments.
The experimental setup can be even more straightforward if only speckle cor-
relation is needed. Additionally, new materials can be explored to induce more
significant changes than just curvature. Shape-shifting smart materials are one
example, which can morph in a controlled manner using stimuli like heat, volt-
age, or even light [174–176]. Another approach to studying speckle correlation is
to change the porosity of an object by applying tension.

8.4 Physical limit of secrecy in scattering-based
communication link

8.4.1 Parallel channels in scattering-based communication link

In Chapter 7, we propose a visible light communication (VLC) scheme that
employs two scattering layers for encryption as physical unclonable functions
(PUF). The proposed scheme uses two regions of interest (ROI), namely spot A
and spot B, to send a single bit per wavefront. Specifically, a binary 0 is sent
when spot A has high intensity and spot B has low intensity. In contrast, binary
1 is sent when spot A has low intensity and spot B has high intensity. Apart from
the scramble of information caused by scattering, the secrecy of the system relies
on the capability to modulate a large number of different wavefronts to transmit
the same message, thereby making it incredibly challenging for an adversary to
decipher the actual message.

The main limitation of the proposed scheme is the bit rate, as we can only

123



Summary and Outlook

Figure 8.2: Current design (left) and new design (right) for the receiver. Instead of
sending 1 bit, we are sending multiple bits exploiting the 2D nature of the speckle
pattern.

send a single bit per wavefront with a refresh rate of < 10kHz. As a follow-up,
we aim to improve the communication scheme by not only using two regions
of interest for the receiver but using the whole speckle pattern measured by a
camera. This would allow us to send multiple messages in parallel. In such a
project, we must investigate its feasibility, such as determining the maximum
number of ROI we can activate simultaneously to maintain a sufficiently large
set of wavefronts for secure communication. Importantly, using multiple ROI
already increases the secrecy of the system, as the attacker now faces a broader
range of message combinations rather than just two possibilities per message.

An illustration of the proposed new receiver design is given in Fig. 8.2. The
number of bits we can send depends on various factors, such as the resolution
of the camera, the speckle size, and the amount of available wavefronts. In the
diagram of Fig. 8.2, we placed the multiple bits of the new design in random
positions. With this, we aim to avoid any spatial correlation the sample may
have.

8.4.2 Secrecy limit in scattering-based communication link

In Chapter 7, we study the correlations of a multi-layer system. We claim
that if the emitter sends binary messages alternating the wavefront from a pool
of many (thousands) of wavefronts, there is no way to intercept the message if
we only measure the speckle generated in the middle between the two layers. A
future step of this project is to test this idea to the limit.

We define a target vector1 Aref , Bref . Suppose a scattering object is repre-
sented by its transmission matrix T ∈ Cn×n. We define A as the set of incoming
wavefronts that, after being multiplied by the transmission matrix T , have a high
correlation with the target vector A:

A = {x ∈ Cn | corr (Tx,Aref) > c} , (8.1)
(8.2)

1This target vector can be, for instance, the ROI used in Chapter 7.
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with corr(·) the correlation function, and c the target correlation value. We want
c to be close to one, but it can have any value between −1 and 1. Considering
this, and considering the physical properties of the transmission matrix (e.g., C1,
C2, and C3 correlations [128, 177]), we wonder if we can answer the following
questions:

1. Knowing the target matrix Aref and all the wavefronts belonging to the set
A. Is it possible to recover the transmission matrix T?

2. Can we obtain the transmission matrix T from a sub-set of A? If so, How
small this sub-class can be?

3. Let’s say we have a second target vector Bref , such that it is completely
uncorrelated with the first target vector, corr (Aref , Bref) = 0. Similar to
A, we define the set of incoming wavefronts that, after being multiplied by
the transmission matrix T , have a high correlation with the target vector
B:

B = {x ∈ Cn | corr (Tx,Bref) > c, } , (8.3)

Knowing the target vectors Aref , Bref and knowing all the wavefronts from
the joint set D = A ∪ B, is it possible to differentiate if a wavefront x ∈ D
belongs to either A or B?

Furthermore, it is interesting to study the relation between the number of ROI
at the receiver and the number of available wavefronts to send a bit, and thus
study the limiting number of parallel bits we can send to maintain the secrecy of
the channel.
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Nederlandse Samenvatting

In dit proefschrift bestuderen wij verschillende golffrontmodulaties van licht
voor diverse wetenschappelijke en toegepaste doeleinden en scenario’s. Samenge-
vat kan de scriptie worden onderverdeeld in drie projecten, waarbij wij golffront-
modulatie toepassen om 1) de eigenschappen van de nieuwe “mutual scattering”
grondig te bestuderen, 2) de prestaties van de golffrontvormingstechniek (WFS,
in het Engels afgekort) te testen, en 3) speckle-correlaties te bestuderen voor
toepassingen in zichtbare lichtcommunicatie (VLC, in het Engels afgekort). Het
moduleren van het golffront van het inkomende licht in een complex medium is
een krachtig instrument om lichtvoortplanting binnen het medium beter te be-
grijpen en controleren. Deze techniek is van toepassing op sterk verstrooiende
materialen zoals papier, wolken of biologisch weefsel, en gestructureerde materia-
len zoals fotonische kristallen of geïntegreerde schakelingen en zelfs voor kwantum
toepassingen. Verschillende technieken en actieve apparaten kunnen worden ge-
bruikt om het golffront te moduleren, zoals ruimtelijke lichtmodulatoren (SLM,
in het Engels afgekort), digitale microspiegelapparaten (DMD, in het Engels af-
gekort), metaoppervlakte, vervormbare spiegels, elektro-optische modulatoren en
nog veel meer.

Het hoofdproject van dit proefschrift is gewijd aan mutual scattering, dat wordt
behandeld in Hoofdstukken 2 tot 5. Dit proefschrift presenteert de eerste experi-
mentele waarneming van mutual scattering en de eerste toepassing ervan in ka-
rakterisering van lichtverstrooiing in complexe media. Mutual scattering treedt
op wanneer twee of meer binnenkomende lichtstralen elkaar kruisen in een ein-
dig object, en het is de kruisinterferentie tussen de coherente invallende golf van
de ene lichtstraal en de verstrooide golf die wordt gegenereerd door de andere
lichtstraal. In onze experimenten moduleren wij de binnenkomende lichtstralen
waarbij wij onderlinge hoek en fase te veranderen, waardoor wij de verstrooiings-
eigenschappen van het object kunnen controleren en karakteriseren.

Naast het meten van mutual scattering passen wij voor het eerst WFS toe op
specimen of apparaten met vrije vormen (Hoofdstuk 6). In dit project treden wij
buiten de standaardbenadering van lichtverstrooiing in complexe media, waarbij
de geometrie van het te bestuderen object de vorm van vlakke plaat heeft. Hoewel
wordt verondersteld dat WFS van toepassing is op elk verstrooiend medium,
moeten andere geometrieën verrassend genoeg nog worden verkend. In dit project
laten wij zien dat WFS even effectief is in een vrije-vorm object als in een plaat-
geometrie, waarmee onze hypothese wordt bevestigd. Vrije-vorm objecten zijn
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van groot praktiek belang door hum brede cerspreiding in industrie toepassingen.
Ten slotte onderzoeken wij golffrontmodulatie in een VLC-systeem (Hoofd-

stuk 7), waarbij wij de eigenschappen van complexe verstrooiende media benut-
ten voor versleutelingsdoeleinden. Hiervoor gebruiken wij een verstrooilaag als
fysieke niet-kopieerbare functie (PUF, in het Engels afgekort), die dient als een
extra beveiligingslaag in een communicatie systeem met en zender en een ontvan-
ger. Wij gaan verder dan eerder bestudeerde situaties door twee verstrooilaagjes
op te nemen, één bij de zender en de andere bij de ontvanger. Deze aanpak
heeft tot doel een aanval van een persoon-in-het-midden te voorkomen, waarbij
de aanvaller de communicatie tussen de zender en de ontvanger onderschept. De
verstrooilaag bij de verzender voorkomt dat de aanvaller de boodschap precies
hun kopiëren, en de verstrooilaag bij de ontvanger voorkomt dat de aanvaller de
boodschap begrijpt en voorkomt jamming-aanvallen. Bovendien geeft de com-
plexiteit van het systeem een enorme redundantie en tegelijk veiligheid, doordat
duizenden verschillende golffronten beschikbaar zijn om dezelfde boodschap te
verzenden. De zender kan zonder extra moeite afwisselen tussen de vele beschik-
bare golffronten, waardoor het buitengewoon moeilijk wordt voor een aanvaller
om de boodschap te ontcijferen.
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